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Preface 



Preface to the Third Edition 

Reading through the prefaces of the two previous edi- 
tions, we can say that much of what was said there still 
holds. At the same time, however, much has changed. 
There has been immense progress in the technical 
possibilities of magnetic resonance and in the know- 
ledge of genetic defects, biochemical abnormalities, 
and cellular processes underlying myelin disorders. 
This immense progress has prompted us to embark 
upon the enormous task of rewriting the previous 
edition and adding 40 chapters. In doing so we have 
tried to cover most white matter disorders, hereditary 
and acquired, and to present a collection of images to 
illustrate the field to the fullest possible extent. This 
edition will therefore be more complete than the pre- 
vious ones. The number of illustrations has increased 
considerably. This was necessary to reflect not only 
the typical patterns of a disease, but to show also the 
variability that exists in some disorders. The best ex- 
ample of this is found in Alexander disease. Genetic 
verification now makes it possible to recognize very 
different patterns of imaging abnormalities, all relat- 
ed to a defect in the same gene. Today's increased in- 
sight into disease classification based on increased 
knowledge of related genes and proteins is best re- 
flected in the chapter on congenital muscular dystro- 
phies. 

This is the first time that we have invited a number 
of experts in special fields to write or co-write a chap- 
ter, in order to assure the highest level of scientific 
accuracy. To assemble the knowledge presented in 
this work we have also harvested the literature, prof- 
iting from the work and discoveries of many others. 



Our thanks go to our colleagues at the VU Univer- 
sity Medical Center and to those in other hospitals 
who referred their patients to us. We are indebted to 
all colleagues who allowed us to use their MR images, 
published or unpublished, making it possible for us to 
present illustrations of nearly all known white matter 
disorders. Two colleagues were particularly helpful 
and provided us with essential and unpublished fig- 
ures: our friends Susan Blaser, from the Hospital for 
Sick Children in Toronto, and Zoltan Patay, from the 
King Faisal Hospital in Riyadh. 

Many people at the VU University Medical Center 
have been of great technical help to us in producing 
high quality images and in providing secretarial 
assistance. The contributions of these people are 
mentioned separately in the acknowledgements. 

Our special thanks go to patients with white mat- 
ter disorders and their families. They came to see us 
and were willing to work with us and to go through 
the procedure of diagnostic testing, including MR 
examinations. Many patients and families were also 
willing to participate in our research projects to 
advance the understanding of white matter disorders. 
Patients with white matter disorders are the focus of 
our work. They are our most important collaborators. 
Often they are children. To show our gratitude to 
them, we have decided that all profits of this book will 
go to the Foundation for Children with White Matter 
Disorders. 

Amsterdam, May 2005 

M.S. van der Knaap 
J.Valk 
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Preface to the Second Edition 

The first edition of this book was well received by 
readers and reviewers and we are very grateful for the 
positive reactions. We were convinced then, and even 
more now, that MRI and MRS have much to offer in 
diagnosis, therapy monitoring and research of hered- 
itary and acquired myelin disorders. 

In the last few years, a great deal of new information 
has become available concerning the genetic basis of 
inborn errors of metabolism and neurodegenerative 
disorders, the role of subcellular structures, the en- 
zyme biochemistry, the pathophysiological mecha- 
nisms of posthypoxic-ischemic cerebral damage, and 
the inflammatory processes in infectious and inflam- 
matory disorders. MR images of many rare disorders 
have become available, either in our own experience 
or published by other groups. MR spectroscopy could 
confirm its role in certain clinical applications. Be- 
cause of these developments, it was necessary for us to 
rewrite the book almost completely. In some fields 
developments are so fast that we have not have caught 
all the latest developments. The pattern of the new 
approaches has, however, been established, making 
the assimilation of newly available information easy. 

We are extremely grateful for the help of colleagues 
to make this book as complete as possible. The posi- 
tive reactions of those from whom we requested MR 
pictures or other forms of support were of enormous 
encouragement to us during our efforts to complete 
this project. 

We hope this work will be as warmly welcomed by 
our colleagues as the first edition. 

Amsterdam, January 1995 

M.S. van der Knaap 
J.Valk 



Preface to the First Edition 

Magnetic resonance imaging (MRI) is now consid- 
ered to be the imaging modality of choice for the ma- 
jority of disorders affecting the central nervous sys- 
tem. This is particularly true for gray and white mat- 
ter disorders, thanks to the superb soft tissue contrast 
in MRI which allows gray matter, unmyelinated, and 
myelinated white matter to be distinguished and their 
respective disorders identified. The present book is 
devoted to the disorders of myelin and myelination. 
A growing amount of detailed in vivo information 
about myelin, myelination, and myelin disorders has 



been derived both from MRI and from MR spec- 
troscopy (MRS). This prompted us to review the clin- 
ical, laboratory, biochemical, and pathological data on 
this subject in order to integrate all available informa- 
tion and to provide improved insights into normal 
and disordered myelin and myelination. We will show 
how the synthesis of all available information con- 
tributes to the interpretation of MR images. 

Following a brief historical review of the increas- 
ing knowledge on myelin and myelin disorders, we 
propose a new classification of myelin disorders 
based on the subcellular localization of the enzymat- 
ic defects as far as the inborn errors of metabolism 
are concerned. This classification serves as a guide 
throughout the book. All items of the classification 
will be discussed and, whenever relevant and possi- 
ble, illustrated by MR images. 

We are aware of the fact that in a number of myelin 
disorders MRI is not a part of the usual diagnostic 
work up because a definite diagnosis is reached by 
other means, such as biochemical investigations of 
blood and urine, enzyme assessment or detection of 
specific antibodies. However, in many disorders MRI 
may facilitate a rapid diagnosis and early instigation 
of treatment, thus preventing structural cerebral 
damage. In other cases the role of MRI is to visualize 
the extent of brain damage and give an indication of 
the prognosis. In disorders which present in a non- 
specific way, for instance with behavioral problems or 
learning difficulties, MRI can be one of the first-line 
investigations. It is important to be acquainted with 
the various MRI patterns of the myelin disorders, as 
an early diagnosis may be of major importance in 
young families with a view to the provision of ade- 
quate genetic counseling. 

MRS has been of limited clinical importance until 
now, and its application in patients only has a short 
history. We do, however, expect it to be a promising 
technique in the field of myelin and myelin disorders 
in clinical as well as in basic, experimental research 
and have, therefore, devoted a separate chapter to this 
subject. 

This volume was written by a neuroradiologist and 
a neurologist/child neurologist. It is the product of 
close cooperation, animated discussions, strong argu- 
ments, restructuring, rewriting, and editing, in which 
they had an equal share. If the reader finds value in 
this monograph, it is because of this dual effort. 

Amsterdam and Utrecht, March 1989 

J.Valk 

M.S. van der Knaap 
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Chapter 1 

Myelin and White Matter 



1.1 Introduction 

Myelin makes up most of the substance of the white 
matter in the central nervous system (CNS). It is 
also present in large quantities in the peripheral ner- 
vous system (PNS). In both the CNS and the PNS, 
myelin is essential for normal functioning of the 
nerve fibers. 

The white matter in the CNS is composed of a vast 
number of axons, which are ensheathed with myelin, 
which is responsible for the white color. Besides 
myelinated axons, white matter contains many cells of 
the neuroglia type, but no cell bodies of neurons. The 
axons it contains originate from neuronal cell bodies 
in gray matter structures. 

There are two main types of macroglia in the white 
matter: astrocytes and oligodendrocytes. Among the 
many putative functions of glial cells, it is proposed 
that they contribute to the structural and nutritive 
support of neurons, regulate the extracellular envi- 
ronment of ions and transmitters, guide migrating 
neurons during development, and play an important 
part in repair and regeneration. The best known 
function of glial cells is the ensheathment of axons 
with myelin by oligodendrocytes. 

Gray matter contains the nerve cell bodies with 
their extensive dendritic arborization. The myelin 
content of gray matter structures is much lower, but 



some myelin is present around intracortical and in- 
tranuclear fibers. The myelin content of the thalamus 
and the globus pallidus is relatively high. 



1 .2 Morphology of Myelin 

Myelin is a spiral membranous structure that is tight- 
ly wrapped around axons. It has a very high lipid con- 
tent and is soluble in fat solvents. Hence, when ordi- 
nary paraffin sections of the brain are prepared for 
light microscopic examination, most of the myelin 
dissolves away. After staining, the sites where myelin 
was present appear as round spaces that are empty 
except that each has a little round dot in the center, 
which represents a cross section of the axon. By 
means of fixatives that make myelin insoluble, it is 
possible to demonstrate it in paraffin sections. Osmic 
acid fixes myelin so that it does not dissolve in paraf- 
fin sections. Osmic acid itself stains myelin black. 
When examined under very low power, the white 
matter appears black (Fig. 1.1). If the white matter is 
examined under high power the myelin will be seen 
to be arranged in small rings around each nerve fiber. 
There are several myelin stains that can be used once 
the tissue has been fixed by some other means. Com- 
monly used stains include hematoxylin, Luxol fast 
blue, and Oil-Red-O. 



Fig. 1 .1 . T 2 -weighted MR image compared with a 
postmortem section prepared with a myelin stain, 
illustrating the capability of MRI to reflect histology 
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Fig. 1.3. 

A micelle 



Fig. 1.4. 

A lipid bilayer 



Fig. 1 .2. Electron micrograph of white matter with myelin sheaths 



The information derived from light microscopic 
investigations is limited and is inadequate when more 
detailed information about myelin structure is re- 
quired. Analysis of the structure of myelin began in 
the 1930s, stimulated by polarization-microscope 
studies and X-ray diffraction work, which led to the 
suggestion that the myelin sheath was made up of 
layers or lamellae. The lamellar structure was con- 
firmed by electron microscopic studies. In electron 
micrographs myelin is seen as a series of alternating 
dark and less dark lines separated by unstained 
zones. These lines are wrapped spirally around the 
axon (Fig. 1.2). The evidence available from studies 
using polarized light, X-ray diffraction and electron 
microscopy led to the current view of myelin as a sys- 
tem of condensed plasma membranes with alternat- 
ing protein-lipid-protein-lipid-protein lamellae as 
the repeating subunit. 

Plasma membranes are composed predominantly 
of lipids and proteins, and also contain carbohydrate 
components. The lipid elements of the membranes 
are phospholipids, glycolipids, and cholesterol. A 
common property of these lipids is that they are ara- 
phipathic. This means that the lipid molecules con- 
tain both hydrophobic and hydrophilic regions, cor- 
responding to the nonpolar tails and the polar head 
groups, respectively. Hydrophobic substances are in- 



soluble in water, but soluble in oil. Conversely, hy- 
drophilic substances are insoluble in oil, but soluble 
in water. In an aqueous environment, the amphipa- 
thic character of the lipids favors aggregation into mi- 
celles or a molecular bilayer. In a micelle (Fig. 1.3), the 
hydrophobic regions of the amphipathic molecules 
are shielded from water, while the hydrophilic polar 
groups are in direct contact with water. The stability 
of this structure lies in the fact that significant free 
energy is required to transfer a nonpolar molecule 
from a nonpolar medium to water. Likewise, a great 
deal of energy is required to transfer a polar moiety 
from water to a nonpolar medium. Thus, the micelle 
provides a minimal energy configuration and is ac- 
cordingly ther mo dynamically stable. The molecular 
bilayer, the basic structure of plasma cell membranes, 
also satisfies the thermodynamic requirements of 
amphipathic molecules in an aqueous environment. 
A bilayer exists as a sheet in which the hydrophobic 
regions of the lipids are protected from the water 
while the hydrophilic regions are immersed in water 
(Fig. 1.4). As the structure of the bilayer is an inherent 
part of the amphipathic character of the lipid mole- 
cules, the formation of lipid bilayers is essentially a 
self-assembly process. 

In comparison with other molecular bilayers, the 
myelin bilayer is unique in having a very high lipid 
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Fig. 1.5. Membrane split open to 
demonstrate the layers.The lipid 
bilayer is interrupted by proteins 
embedded in this layer. Glycoprotein 
chains rise from the surface of the 
membrane 




content and containing chiefly saturated fatty acids 
with an extraordinarily long chain length. This fatty 
acid composition leads to a closely packed, highly sta- 
ble membrane structure. The presence of unsaturated 
fatty acids in a bimolecular leaflet leads to a more 
loosely packed, less stable structure, as unsaturated 
fatty acid chains have a kinked, hook-like configura- 
tion. Lipids containing such unsaturated fatty acids 
cannot approach neighboring molecules as closely as 
saturated lipids can, since the latter are rod-like struc- 
tures. There will be much less total interaction be- 
tween the tails of an unsaturated lipid and a neigh- 
boring molecule than between the tails of two satu- 
rated lipids, and the resulting binding forces will be 
much smaller. Lipids containing long- chain fatty 
acids are more tightly held in a membrane structure 
than those containing shorter chain fatty acids, since 
with increasing length of the hydrocarbon chain the 
binding interactions between the lipid molecules be- 
come stronger. It has also been suggested that very- 
long- chain fatty acids can form complexes by inter- 
digitation of the hydrocarbon tail on one side with the 
hydrocarbon tail of a lipid on the opposite side of the 
bimolecular leaflet. Such complexes would contribute 
to the stability of the myelin membrane. If this lipid 
composition is changed, as is the case in a number of 
demyelinating disorders, it is clear that the stability of 
the myelin membrane may be diminished. 

The bimolecular lipid structure allows for interac- 
tion of amphipathic proteins with the membrane. 
These proteins form an integral part of the membrane, 
with hydrophilic regions protruding from the inner 
and outer faces of the membrane and connected by a 
hydrophobic region traversing the hydrophobic core 
of the bilayer. In addition, there are peripheral pro- 
teins, which do not interact directly with the lipids in 
the bilayer, but are bound to the hydrophilic regions of 
specific integral proteins. Thus, the cell membrane is a 
bimolecular lipid leaflet coated with proteins on both 
sides (Fig. 1.5). There is inside-outside asymmetry of 
the lipids. In addition, integral and peripheral proteins 



are asymmetrically distributed across the membrane 
bilayer and the protein composition on the inside is 
different from that on the outside of the bilayer. 

On electron microscopic examination, a plasma 
membrane is shown as a three-layered structure and 
consists of two dark lines separated by a lighter inter- 
val. It is also revealed that the plasma membrane is 
not symmetrical in form: the dark line adjacent to the 
cytoplasm is denser than the leaflet on the outside. 

From both X-ray diffraction and electron micro- 
scope data it can be seen that the smallest radial sub- 
unit that can be called myelin is a five-layered struc- 
ture of protein-lipid-protein-lipid-protein (Fig. 1.6). 
The repeat distance is 160-180 A. The dark lines seen 
in electron microscopic studies represent the protein 
layers and the unstained zones, the lipids. The uneven 
staining of the protein layers results from the way the 
myelin sheath is generated from the plasma mem- 
brane. The less dark lines (so-called intraperiod 
lines) represent the closely apposed outer protein 
coats of the original cell membrane. The dark lines 
(so-called major dense lines) are the fused inner pro- 
tein coats of the cell membrane. High-magnification 
electron micrographs show that the intraperiod line 
is double in nature (Fig. 1.6). 

The myelin sheath is not continuous along the en- 
tire length of axons, but axons are covered by seg- 
ments of myelin, which are separated by small regions 
of uncovered axon, the nodes of Ranvier. The myelin 
lamellae terminate as they approach the node. The re- 
gion where the lamellae terminate is known as the 
paranode. Electron micrographs of longitudinal sec- 
tions of paranodal regions show that the major dense 
lines open up and loop back upon themselves, enclos- 
ing cytoplasm within the loop (Fig. 1.7). In that part 
of the paranode most distant from the node, the in- 
nermost lamellae of the myelin terminate first, and 
succeeding turns of the spiral of lamellae then over- 
lap and project beyond the ones lying beneath. Thus, 
the outermost lamella overlaps all the others and ter- 
minates nearest the node, so that the myelin sheath 
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Fig. 1 .6. The electron microscopic 
picture of a myelin sheath {upper left) 
reveals the five-layered structure of 
myelin with major dense lines and 
intraperiod lines. A higher magnifica- 
tion of two myelin lamellae {lower left) 
shows the periodicity of myelin even 
more clearly. On the right, a schematic 
representation of an electron micro- 
scopic picture of a myelin sheath 
surrounding an axon {A) demonstrates 
major dense lines {md) and intraperi- 
od lines (/p) 





Fig. 1.7. Node of Ranvier, where the 
nerve fiber between two myelinated 
segments is bare.The outer myelin 
layers envelope the inner layer and 
cover these at the nodal junctions 



gradually becomes thinner with increasing proximity 
to the node. 

Schmidt-Lantermann clefts such as are described 
in the PNS are rare in the CNS. These are funnel- 
shaped clefts within myelin sheaths. They contain cy- 
toplasm and extend from the soma of the myelin- 
forming cell to the inner end of the myelin sheath. In 
a transverse section of a myelin sheath they appear as 
islands of cytoplasm between openings of the major 
dense lines. 

There is considerable variation in the number of 
myelin lamellae in the sheaths surrounding different 
axons. Generally, the larger the diameter of the axon 
the thicker its myelin sheath. In addition to this direct 
relationship between axon size and myelin thickness, 
the lengths of internodal segments also vary with the 
size of the axon: the larger the nerve fiber, the greater 
the internodal length. 



1 .3 Oligodendrocytes 

Oligodendrocytes are the key cells in myelination of 
the CNS. They are cells of moderate size with a small 
number of short, branched processes. They are the 
predominant type of neuroglia in white matter and 
are frequently found interposed between myelinated 
axons. Actual connections between oligodendrocytes 



and myelin sheaths can be observed. In the gray mat- 
ter they aggregate closely around neuronal cell bod- 
ies, where they are called satellite oligodendrocytes. 
PNS myelin is formed by Schwann cells. The CNS 
myelin membranes originate from and are part of the 
oligodendroglial cell membrane. The oligodendro- 
cytes form flat cell processes, which are wrapped 
around the nerve axon in a spiral fashion (Fig. 1.8). 




Fig. 1 .8. Diagram showing the axon being rolled in the myelin 
sheath 
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Fig. 1 .9. Impression of the three- 
dimensional structure of oligodendro- 
cytes with their plasma membrane 
extensions as myelin sheaths covering 
the axons that cross their region 




With the exception of the outer and lateral loops of 
the flat cell processes, the cellular cytoplasm disap- 
pears from these processes and the remaining cell 
membranes condense into a compact structure in 
which each membrane is closely apposed to the adja- 
cent one. If myelin were unrolled from the axon it 
would be a flat, spade-shaped sheet surrounded by a 
tube containing cytoplasm. 

Although the myelin sheath is an extension of the 
oligodendroglial cell membrane, the chemical com- 
position of myelin is quite different from that of the 
oligodendroglial cell membrane. The oligoden- 
droglial cell membrane is transformed into myelin in 
processes of modification and differentiation. 

On the same axon, adjacent myelin segments be- 
long to different oligodendrocytes. A single oligoden- 
drocyte provides the myelin for many inter nodal seg- 
ments of different axons simultaneously. One oligo- 
dendrocyte can be responsible for the production and 
maintenance of up to 40 nerve fibers (Fig. 1.9). This 
has implications for disease conditions and repara- 
tive processes, as the destruction of even only a few 
oligodendrocytes can have an extensive demyelinat- 
ing effect. 

Together with the Schwann cells of the PNS, oligo- 
dendrocytes are unique in their ability to produce 
vast amounts of a characteristic unit membrane. The 
ratio between cell body surface membrane and 
myelin membrane is estimated at 1:620 in the case of 
oligodendrocytes. The deposition and maintenance 
of such large expanses of membrane require optimal 
coordination of the synthesis of its various lipid and 
protein components and their interaction to ensure 
production of a stable membrane on the one hand 
and a well-regulated and controlled breakdown and 
replacement of spent components needed to support 
the myelin membrane on the other. 



1 .4 Astrocytes 

Astrocyte functions have long been a subject of de- 
bate. Their major role has long been thought to be a 
sort of skeletal function, providing packing for other 
CNS components. It is becoming increasingly clear 
that astrocytes are of fundamental importance in 
maintaining the structural and functional integrity of 
neural tissue. 

A well-known function of astrocytes is concerned 
with repair. When damage is sustained, astrocytes 
proliferate, become larger, and accumulate glycogen 
and filaments. This state of gliosis can be total, in 
which case all other elements are lost, leaving a glial 
scar, or occur against a background of regenerating or 
normal CNS parenchyma. Following demyelination, 
astrocytes synthesize growth factors thought to be in- 
volved in myelin repair. Astrocytes may also phagocy- 
tose debris in some conditions. 

Astrocytes are involved in transport and in main- 
taining the blood-brain and CSF-brain barriers. 
End-feet of astrocytes form part of these barriers in 
perivascular and subpial regions. Endothelial tight 
junctions form the primary seal of the blood-brain 
barrier. The role of astrocytes in the blood-brain bar- 
rier is less well defined. They are physically separated 
from endothelial cells by the basal lamina and do not 
contribute directly to the physical barrier. Perivascu- 
lar astroglial end-feet contain many transport pro- 
teins, including transporters of monocarboxylates, 
glucose, and glutamate, as well as water. Aquaporin-4 
is the only known water channel in the brain and has 
a localization in the astroglial end-feet. 

Astrocytes play a part in the process of myelin de- 
position. They promote the adhesion of oligodendro- 
cyte processes to axons and stimulate myelin forma- 
tion by local secretion of different growth factors. As- 



Chapter 1 Myelin and White Matter 



trocytes and neurons are the sources of platelet-de- 
rived growth factor (PDGF), which promotes oligo- 
dendrocyte progenitors to proliferate, migrate, and 
differentiate. Astrocytes release basic fibroblast 
growth factor (bFGF), which promotes oligoden- 
droglial differentiation. Extension of oligodendro- 
cyte processes, a critical early step in myelin forma- 
tion, is facilitated by astrocytic bFGF. Insulin-like 
growth factor I (IGF-I), which plays a crucial role in 
oligodendrocyte development and myelin formation, 
is produced by various cells, including astrocytes. It 
acts as an oligodendrocyte mitogen and a differentia- 
tion and survival factor and is one of the main regu- 
lators of the amount of myelin production. Astrocytes 
express neurotrophin-3 (NT-3), which promotes pro- 
liferation of oligodendroglial precursors and oligo- 
dendrocyte survival. There is evidence that NT-3 in 
combination with brain-derived neurotrophic factor 
(BDNF) can induce proliferation of endogenous 
oligodendrocyte progenitors and the subsequent 
myelination of regenerating axons. Astrocytes and 
oligodendrocytes communicate via gap junction-me- 
diated contacts. 

Astrocytes have a role in the conduction of nerve 
impulses. Astrocytes and axons have an intimate rela- 
tionship at the node of Ranvier. Perinodal astrocytes 
and nodal parts of the axon have a high concentration 
of sodium channels, indicating specialization of as- 
trocyte function at these sites. 

Synthesis of the neurotransmitters glutamate and 
GABA (gamma aminobutyric acid) can originate ei- 
ther from glutamine or from a-ketoglutarate or an- 
other tricarboxylic acid cycle intermediate plus an 
amino acid as a donor of the amino group. Neurons 
lack the enzymes glutamine synthetase and pyruvate 
carboxylase, which are present exclusively in astro- 
cytes. Astrocyte processes in perisynaptic regions 
take up the excitatory neurotransmitter glutamate 
from the synapse and recycle it to its precursor gluta- 
mine. Therefore, astrocytes are important in the syn- 
thesis and recycling of some neurotransmitters and 
protect neurons from excitotoxicity. 



1.5 Biochemical Composition 

of Mature Myelin and White Matter 

The most conspicuous feature of the composition of 
myelin as opposed to other membranes is the high ra- 
tio of lipid to protein. It is one of the most lipid-rich 
membranes, lipids making up 70-80 % lipid by dry 
weight. In comparison with other membranes, the 
protein concentration of 20-30 % is low. For example, 
the concentration of protein in liver cell membranes 
is 60%. Myelin is a relatively dehydrated structure, 
containing only 40 % water. 



CNS white matter is half myelin and half non- 
myelin on a dry weight basis. Owing to the high 
myelin content, white matter has a relatively low wa- 
ter content and a high lipid content. The water content 
of white matter is 72% and that of gray matter 82%. 
The nonmyelin portion of white matter contains 
about 80 % water. 

Myelin is mainly responsible for the gross chemical 
differences between white and gray matter. Myelin is 
rich in all lipid classes, although nonpolar lipids and 
glycolipids (galactolipids) are particularly well re- 
presented. The lipids of CNS myelin are composed of 
25-28% cholesterol, 27-30% galactolipid, and 40- 
45 % phospholipid when expressed as percentages of 
total lipid weight. When lipid data are expressed as 
molar ratios, CNS myelin preparations contain cho- 
lesterol, phospholipid and galactolipid in a ratio vary- 
ing between 4:3:2 and 4:4:2. 

The biochemical composition of mature gray and 
white matter is shown in Table 1.1. With respect to 
white matter, separate figures are given for the myelin 
and nonmyelin portions, CNS white matter being half 
myelin and half nonmyelin on a dry weight basis. In 
Table 1.1 the lipid figures are expressed as percent- 
ages of total lipid weight. Since the water content and 
the dry weight lipid content of gray matter and white 
matter, myelin and nonmyelin, differ widely, the fig- 
ures expressed in this way give no direct information 
about lipid concentration in either dry or wet tissue. 
However, from the data presented, these concentra- 
tions can be calculated. 

When the lipid compositions of gray and white 
matter are compared, the most conspicuous differ- 
ence to emerge is that white matter is relatively rich in 
galactolipids and relatively poor in phospholipids. 
Galactolipids (galactocerebroside and sulfatide) con- 
stitute 25-30% of the lipids in white matter, whereas 
they account for only 5-10% of those in gray matter. 
Phospholipids account for two -thirds of the total 
lipids in gray matter, but less than half those in white 
matter. There are, strictly speaking, no myelin- specif- 
ic lipids that are not found elsewhere in the brain. 
However, the most specific distinguishing feature of 
myelin lipids is the high cerebroside content, and 
cerebroside can be considered the most typical 
myelin lipid. During development, the concentration 
of cerebroside in brain is directly proportional to the 
amount of myelin present. 

Ethanolamine phosphoglyceride in plasmalogen 
form (plasmenylethanolamine) is the major myelin 
phospholipid. Approximately 80% of the ethanol- 
amine phosphoglycerides of myelin and white matter 
are present in plasmalogen form, and only a small 
proportion are formed by phosphatidylethanol- 
amine. Conversely, the plasmalogens, which comprise 
nearly one-third of the total phospholipids, are main- 
ly of the ethanolamine type with lesser amounts of 
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Table 1.1. Composition of human CNS gray matter, white matter, myelin portion and nonmyelin portion of whole white matter. 
From Norton and Cammer (1984) 





Gray matter 


White matter 


Myelin 


Nonmyelin d 


Water 3 


82 


72 


44 


82 


Total protein b 


55.3 


39.0 


30.0 


62.2 


Total lipid b 


32.7 


54.9 


70.0 


41.2 


Cholesterol 


22.0 


27.5 


27.7 


14.6 


Glycolipids 


7.3 


26.4 


27.5 


28.2 


Cerebroside 


5.4 


19.8 


22.7 


19.9 


Sulfatide 


1.7 


5.4 


3.8 


7.7 


Phospholipids 


69.5 


45.9 


43.1 


51.9 


Ethanolamine PG 


22.7 


14.9 


15.6 


6.8 


Choline PG 


26.7 


12.8 


11.2 


16.5 


Serine PG 


8.7 


7.9 


4.8 


20.4 


Inositol PG 


2.7 


0.9 


0.6 


1.0 


Sphingomyelin 


6.9 


7.7 


7.9 


5.6 


Plasmalogens c 


8.8 


11.2 


12.3 


9.2 



a Percentage of total brain weight 

b Figures for total protein and total lipid are percentages of dry weight; all others are percentages of total lipid weight 

c Plasmalogens are primarily ethanolamine phosphoglycerides 

d Figures for bovine brain, which are thought to be in close agreement with those for human brain (Norton and Autilio 1 966) 

PG phosphoglycerides 



plasmenylserine. Phosphatidylcholine is the major 
choline phosphoglyceride; only traces of choline 
phosphoglyceride have the plasmalogen form. 

Ganglio sides are minor myelin lipids and make up 
only 0.3-0.7% of total myelin lipids. They are local- 
ized mainly in neuronal membranes, and gray matter 
is 10 times as rich in gangliosides as in white matter. 
Gangliosides are complex sialic acids containing 
glycosphingolipids. GMi, a monosialoganglioside, is 
the major myelin ganglioside accounting for about 
70mol % of the total myelin ganglioside content. 
Within the CNS, the ganglioside GM 4 (sialogalacto- 
sylceramide) is probably specific for myelin and 
oligodendroglia. It is a derivative of cerebroside. 

Myelin lipids contain somewhat different fatty acid 
constituents than other membranes. Characteristic of 
myelin are a-hydroxy fatty acids in cerebrosides and 
sulfatides and high amounts of long- chain fatty acids 
in the different lipid classes. There are monounsatu- 
rated fatty acids, but only low amounts of polyunsat- 
urated fatty acids. 

Table 1.2 shows the chemical structures of the 
main lipid constituents of myelin. 

The protein composition of myelin is simpler than 
that of other membranes. Proteolipid protein and 
myelin basic protein encompass approximately 60- 
80% of the total protein. Most myelin proteins are 
unique to myelin. 

Proteolipid protein (PLP) and its isoform DM 20 
make up about 50% of the total protein in CNS 
myelin. Their concentration in white matter is about 5 



times that in gray matter. The proteins are encoded by 
the same gene and are formed by alternative splicing 
of the primary gene transcript. The proteins differ by 
a hydrophilic peptide 35 amino acids in length, whose 
presence generates PLP. DM 20 is predominant in ear- 
ly development, whereas PLP is the major protein in 
mature myelin. The proteins are very hydrophobic. 

There are multiple isoforms of myelin basic pro- 
tein (MBP), arising from different patterns of splicing 
of the primary gene transcript. The heterogeneity is 
increased further by various posttranslational modi- 
fications. Myelin basic proteins account for 30-35 % 
of the total myelin protein. MBP contains no extensive 
regions of hydrophobic residues and is hydrophilic. 
MBP is the antigen which, when injected into an ani- 
mal, elicits a cellular immune response, producing the 
CNS autoimmune disease called experimental aller- 
gic encephalomyelitis. 

There are several CNS myelin glycoproteins: 
myelin- associated glycoprotein (MAG), myelin/oligo- 
dendrocyte glycoprotein (MOG), and oligodendro- 
cyte-myelin glycoprotein (OMgp). These are high- 
molecular-weight proteins. They are quantitatively 
minor myelin components: MAG accounts for about 
1 % of total protein and MOG, for 0.05 %. 

Other minor myelin proteins are oligodendrocyte- 
specific protein (OSP), which is a tight junction 
protein, myelin-associated oligodendrocytic basic 
protein (MOBP), a small basic protein distributed 
throughout compact myelin, and myelin/oligoden- 
drocyte-specific protein (MOSP), which is located on 
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Table 1 .2. Structure of the important myelin lipids 



Cerebroside 



Sulfatide 



Phosphatidylethanolamine 



Phosphatidylcholine = lecithin 



Phosphatidylserine 



Phosphatidylinositol 



Ethanolamine plasmalogens 



Sphingomyelin 



GM 3 ganglioside 



GM 2 ganglioside 



GM] ganglioside 



sphingosine 

I 
fatty acid 

sphingosine 
fatty acid 



glycerol 



glycerol 



glycerol 



glycerol 



glycerol 



sphingosine 

phosphate 

N-acylsphingosine 

. i 

glucose 

galactose 



N-acylsphingosine 

glucose 

galactose 



N-acetylgalactosamine 

N-acylsphingosine 

glucose 

galactose 



■ galactose 



- galactose 



■ sulfate 



- fatty acid 

■ fatty acid 

■ phosphate 

• fatty acid 

■ fatty acid 

■ phosphate 

- fatty acid 

■ fatty acid 

■ phosphate 

- fatty acid 

- fatty acid 

• phosphate 

*fatty acid 

- fatty acid 

■ phosphate 

- fatty acid 
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■ ethanolamine 



■ choline 



■ inositol 



■ ethanolamine 



■ N-acetylneuraminicacid 



■ N-acetylneuraminic acid 



N-acetylneuraminic acid 

! 
N-acetylgalactosamine 

i 

galactose 

Sphingolipids of myelin are formed from sphingosine. N-acylsphingosine is termed ceramide. A phosphorylcholine group at- 
tached to ceramide forms sphingomyelin; glucose or galactose in glycosidic linkage forms cerebroside (most often: galactosylce- 
ramide). When the glucose or galactose is esterified with sulfate, sulfatide is formed. Phosphoglycerides contain two fatty acids 
in ester linkage at the a and p position of glycerol and at the a' position a phosphate group to which the moiety definitive of the 
class is linked. For example, a choline group defines phosphatidylcholine. The plasmalogens are similarly formed, except that at 
the a position of the glycerol there is a 1 :2 unsaturated ether structure (*). Gangliosides are synthesized from A/-acylsphingosine 
by stepwise addition of sugars and A/-acetylneuraminic acid. 
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the extracellular surface of oligodendrocytes and 
myelin. 

Highly purified myelin contains a number of en- 
zymes. Two of these enzymes, 2 > ,3 > -cyclic nucleotide 
S'-phosphodiesterase (CNP) and a cholesterol ester 
hydrolase, are found at much higher specific activities 
in myelin than in brain homogenates. It appears 
that these enzymes are fairly myelin specific, and are 
probably also present in oligodendroglial mem- 
branes. Many other enzymes are found that are not 
specific to myelin but also present in other brain frac- 
tions. The exact function of the two enzymes is not 
known. In particular, their contribution to the metab- 
olism of myelin constituents is not known. CNP cat- 
alyzes the hydrolysis of several 2 > ,3 > -cyclic nucleotide 
monophosphates, all of which are converted to the 
corresponding 2 , -isomer. The substrates of the en- 
zyme are not present in nervous tissue. CNP is one of 
the proteins formerly called Wolfgram proteins, a het- 
erogeneous group of high-molecular-weight myelin 
proteins named after the investigator who first sug- 
gested that myelin contained proteins other than pro- 
teolipid protein and myelin basic protein. 



1 .6 Molecular Architecture of Myelin 

The currently accepted view of the myelin structure is 
that of a double lipid bilayer, each coated on both 
sides with protein. The resulting repeating subunit 
consists of radial protein-lipid-protein-lipid-protein 
lamellae. Some proteins are fully or partially embed- 
ded in the bilayer, and others are attached to the sur- 
face by weaker linkages. 

Both proteins and lipids have an asymmetrical dis- 
tribution. Galactolipids, cholesterol, phosphatidyl- 
choline, and sphingomyelin are preferentially located 
in the former extracellular half of the bilayer (in- 
traperiod line). Ethanolamine plasmalogen and 
myelin basic protein are preferentially located in the 
former cytoplasmic half of the bilayer. 

Membranes are fluid structures. Lipid molecules 
diffuse rapidly in the plane of the membrane, as do 
proteins, unless anchored by specific interactions. 
The spontaneous rotation of lipids from one side of 
the membrane to the other is a very slow process. The 
transition of a molecule from one membrane surface 
to the other is called transverse diffusion, or flip-flop. 
In view of the asymmetry of lipids in the bilayer, the 
transverse mobility must be limited. The diffusion 
within the plane of the membrane is referred to as 
lateral diffusion. 

Proteolipid protein consists of alternating hydro- 
philic and hydrophobic sequences with four stretches 
of hydrophobic residues that are of sufficient length 
to span the lipid bilayer. It is an integral membrane 
protein that passes through the bilayer four times 



(four transmembrane domains). The hydrophobic 
transmembrane segments are linked by hydrophilic 
portions on both sides of the membrane. This means 
that the protein has domains in both the intraperiod 
and the major dense lines. Probably both isoforms, 
PLP and DM20, are involved in stabilizing the in- 
traperiod line. Their role is described as that of 'ad- 
hesive struts' or 'spacers/ maintaining a set distance 
between apposed lamellae. DM 20 is the major proteo- 
lipid protein in early development, whereas PLP is 
the major product in mature myelin. It is believed that 
DM 20 has a still unidentified regulatory role in early 
oligodendrocyte progenitor development and differ- 
entiation, and that PLP plays a part later on in oligo- 
dendrocyte function, in the proper formation of the 
intraperiod line of myelin during its final elaboration 
and compaction. 

Myelin basic protein is an extrinsic protein located 
on the cytoplasmic face of the myelin membranes at 
the major dense lines. It probably stabilizes the major 
dense lines by keeping the cytoplasmic faces of the 
myelin lamellae in close apposition. Myelin-associat- 
ed oligodendrocytic basic protein is another small 
basic protein distributed throughout compact myelin 
at the major dense lines. There is evidence that MOBP 
reinforces the apposition of the cytoplasmic faces of 
the myelin sheath. 

Gangliosides are located almost entirely on the 
external surface of membranes. They may have an im- 
portant role in cell surface recognition and signal 
transduction processes such as those that occur dur- 
ing myelination. 

Myelin glycoproteins are transmembrane proteins 
with the polypeptide extending through the lipid bi- 
layer and the glycosylated portion of the molecule ex- 
posed on the outer surface of the bilayer. They are all 
implicated in recognition and cell-cell interactions. 

MAG is one of these proteins. Its external region 
contains immunoglobulin-like domains. Thus, MAG 
is a member of the immunoglobulin superfamily. It is 
concentrated in the inner periaxonal membrane of 
the myelin sheath and absent from the compact mul- 
tilamellar myelin sheath. The exposed, periaxonal po- 
sition is compatible with its postulated involvement 
in oligodendrocyte-axon interaction, including 
maintenance of the structural integrity of the glia- 
axon adhesion in mature myelin. The observation 
that the protein can be detected at the very earliest 
stages of myelination has led to the hypothesis that 
the protein may also play a role in mediating the 
oligodendrocyte -axon recognition events that pre- 
cede myelination and specify the initial path of 
myelin deposition. 

MOG is another of the myelin glycoproteins. It 
also belongs to the immunoglobulin superfamily. The 
protein is located at the outermost layer of the myelin 
sheath and the oligodendrocyte plasma membrane. 
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The function of this glycoprotein is unknown. It may 
be involved in the adhesion between neighboring 
myelinated fibers and function as glue in the mainte- 
nance of axon bundles in the CNS. MOG may also be 
a cell surface receptor that transduces signals from 
the external milieu to the inside of the oligodendro- 
cyte or myelin sheath. 

The enzyme CNP is found in myelin and oligoden- 
drocytes. Within the myelin sheath it is localized 
on the cytoplasmic side of noncompact regions, e.g., 
periaxonally and in the paranodal loops. CNP is 
essential for axonal survival but not for myelin as- 
sembly. 



1 .7 Myelinogenesis 

The time-course of the appearance of newly synthe- 
sized lipids and proteins in myelin indicates that 
myelin is not laid down as a unit. Different compo- 
nents are synthesized and processed in different cel- 
lular compartments, are transported to the sites of 
myelin formation by different mechanisms, and show 
different rates of entry into the myelin sheath. For ex- 
ample, MBP enters the myelin sheath with almost no 
lag after synthesis, whereas proteolipid protein enters 
myelin with a lag-time of 30-40 min following syn- 
thesis. Once protein synthesis is stopped with cyclo- 
heximide, the entry of MBP is halted immediately, but 
proteolipid protein continues to be incorporated into 
myelin for 30 min. These data indicate that MBP and 
PLP are assembled by different mechanisms, with 
PLP taking a longer and more circuitous route 
through the cytoplasm. Lipids also continue to be in- 
corporated into myelin for 4 h after protein synthesis 
has stopped. 

MBP is synthesized on free polyribosomes near 
the plasma membrane or the adjacent myelin sheath. 
The myelin membrane is surrounded by and infiltrat- 
ed with cytoplasmic channels, called the outer loops 
and longitudinal incisures of Schmidt-Lantermann, 
respectively. Myelin basic protein mRNA is trans- 
located from the nucleus to the myelin membrane via 
these cytoplasmic channels. MBP synthesized here is 
rapidly sequestered into the myelin sheath and ap- 
pears in the cytoplasmic leaflet of compact myelin 
(major dense lines). mRNAs for several other myelin 
proteins follow similar trafficking pathways. 

Proteolipid protein and DM 20 are synthesized on 
polyribosomes bound to the endoplasmic reticulum. 
The nascent protein is inserted into the endoplasmic 
reticulum and passes through the Golgi apparatus to 
the plasma membrane and myelin sheath via vesicu- 
lar transport. Inclusion in the plasma membrane 
occurs by fusion of the vesicles with the plasma mem- 
brane. The inside of the vesicle after fusion becomes 
the outside of the plasma membrane. As a conse- 



quence, substances transported to the plasma mem- 
brane via vesicles end up in the extracellular leaflet of 
the myelin sheath. MAG resembles proteolipid pro- 
tein as far as the site of synthesis and transport to the 
plasma membrane are concerned. 

The same two mechanisms of synthesis and trans- 
port can be distinguished for myelin lipids, i.e., the 
routes of PLP and MBP, respectively. The endoplasmic 
reticulum is the site of synthesis of phosphatidyl- 
choline and cholesterol. The Golgi apparatus is the 
site of synthesis of cerebroside, sulfatide, sphin- 
gomyelin, and gangliosides. The lipids are transport- 
ed from the Golgi apparatus to the plasma membrane 
by a vesicle-mediated process. Expression on the cell 
surface occurs by fusion of the vesicles with the plas- 
ma membrane. The lipids are located predominantly 
in the extracellular leaflet of the myelin lamellae. In 
contrast, the myelin phospholipids that predominant- 
ly reside on the inner leaflet, including phos- 
phatidylserine and ethanolamine plasmalogens, are 
synthesized in the superficial cytoplasmic channels 
of the myelin sheath and rapidly enter compact 
myelin, possibly with phospholipid transfer proteins 
as carriers. Several other phospholipids are also syn- 
thesized in the superficial cytoplasmic channels. 

After reaching the outermost myelin layers, sub- 
stances penetrate to the deepest layers over a period 
of a few days. This movement of substances from out- 
er to inner layers occurs at rates consistent with later- 
al diffusion along the spirally wound bilayer. 



1.8 Regulation 

of Myelinogenesis 

Elaboration of the myelin sheath involves a precisely 
ordered sequence of events beginning with the initial 
ensheathment of the axon, proceeding to formation 
of multiple loose wrappings and eventually com- 
paction to form the mature multilamellar myelin 
sheath. These processes imply a temporally regulated 
program of gene expression in the oligodendrocyte 
to ensure that the appropriate biochemical compo- 
nents are synthesized in the appropriate proportions 
at each stage of myelinogenesis. Just before the onset 
of rapid myelin membrane synthesis the expression 
of genes of myelin proteins is sharply up-regulat- 
ed. There is evidence of a coordinated mechanism 
for synchronous activation of the myelin protein 
genes. This period of sharp up-regulation of ex- 
pression of myelin genes is the most vulnerable part 
of the myelination process and is called the critical 
period. 

Apparently, there are both tissue-specific and 
stage-specific mechanisms controlling myelin genes. 
Myelin genes are only expressed in oligodendrocytes 
and Schwann cells. The expression of the genes is de- 
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velopmentally regulated and is probably intimately 
associated with the stage of differentiation of these 
cells. Control mechanisms are active at the transcrip- 
tional level. Regulatory regions, including the pro- 
moter regions, have been identified for myelin pro- 
tein genes. Key sites for tissue-specific expression of 
myelin proteins are clustered near the promoter re- 
gions, and within these clusters are several motifs that 
may be involved in coordinating the regulation of 
myelin- specific genes. The alternative splicing pat- 
terns produced from the primary myelin protein 
transcripts are also developmentally regulated. The 
splicing patterns for the different proteins have been 
shown to change in the course of development. 

In both the CNS and the PNS, glial cells are influ- 
enced to produce myelin by both neuronal targets 
that they ensheathe and by a range of hormones and 
growth factors produced by neurons and astrocytes. 
There is a continuous oligodendrocyte-neuron-astro- 
cyte interaction in the process of myelination and 
myelin maintenance. 

Proliferation of oligodendrocyte precursor cells 
depends on electrical activity of neurons. Oligoden- 
drocyte number is also dependent on number of 
axons. Differentiation of oligodendroglia has been 
shown to depend heavily on the presence and the 
integrity of axons. Gene expression for myelin con- 
stituents is modulated by the presence of axons. 
Within oligodendrocytes, proteins are produced that 
are thought to be involved in the induction of myeli- 
nation (e.g., glia-specific surface receptors for differ- 
entiation signals), in the initial deposition of the 
myelin sheath (e.g., axon-glial adhesion molecules), 
and in its wrapping and compaction around the nerve 
axon (e.g., structural proteins of compact myelin). A 
minimal axonal diameter is important for the initia- 
tion of myelination. Final myelin sheath thickness is 
also related to axonal size. This match is reached by 
local control mechanisms. Therefore, a single oligo- 
dendrocyte can be associated with several axons of 
different sizes, the myelin sheaths being thicker for 
larger axons. Larger axons also have longer inter- 
nodes. 

Astrocytes are essential in the process of myelina- 
tion and myelin maintenance. They produce trophic 
factors, including PDGF, bFGF, IGF-I, and NT-3. These 
factors promote proliferation, migration and differ- 
entiation of oligodendrocyte progenitors, extension 
of oligodendrocyte processes, adhesion of oligoden- 
drocyte processes to axons, myelin formation and 
myelin maintenance. 

Hormones have a dramatic effect on myelinogene- 
sis. A deficiency of growth hormone during the criti- 
cal period leads to hypomyelination. Most of the ef- 
fects of growth hormone are mediated by IGF-I. Ad- 
ministration of this substance in early development 
leads to an increase in all brain constituents, but par- 



ticularly and disproportionately in the amount of 
myelin produced per oligodendrocyte. Thyroid hor- 
mone also has an effect on myelinogenesis. Hypo- 
thyroidism during early development leads to hy- 
pomyelination, whereas hyperthyroidism accelerates 
myelination. Steroids have a complex influence. None 
of the myelin protein genes is transcriptionally regu- 
lated by steroids, but steroids probably act at the post- 
translational level, stimulating the translation of MBP 
and PLP mRNAs and inhibiting the translation of 
CNP mRNA. 

The importance of iron in myelination has been 
examined. Iron and the iron mobilization protein 
transferrin are localized in oligodendrocytes, and 
may participate in the formation and/or maintenance 
of myelin by complexing with enzymes involved in 
the synthesis of myelin components. 

Myelination is vulnerable to undernourishment. If 
there is undernourishment during the critical period 
just prior to the onset of rapid myelin synthesis, 
myelination is more severely reduced than total brain 
weight, whereas the number of oligodendrocytes is 
unaltered. The hypomyelination is permanent. Severe 
undernutrition during the critical period leads to de- 
creased levels of IGFs and a failure in up-regulation of 
myelin genes. 

Successful myelination is also dependent on func- 
tion. It is known that myelination is diminished by 
preventing the conduction of impulses in a nerve. Im- 
pulse conduction is a stimulus to myelination. Prema- 
ture activity accelerates myelination. Hypermyelina- 
tion has incidentally been noticed in cerebral anom- 
alies, supposedly via the stimulus of epilepsy. It has 
been shown that oligodendrocyte progenitor cells 
express adenosine receptors, which are activated in 
response to action potential firing. Action potential 
firing leads to the nonsynaptic release of several sub- 
stances from axons, including ATP and adenosine. 
Adenosine acts as a potent neuroglial transmitter to 
inhibit oligodendrocyte progenitor cell proliferation, 
stimulate differentiation, and promote the formation 
of myelin. 

After formation the myelin sheath and the axon re- 
main mutually dependent. The myelin sheath needs 
an intact axon, as demonstrated by the studies on wal- 
lerian degeneration. On the other hand, for mainte- 
nance of the normal structure and function the axon 
requires an intact myelin sheath. Normal astrocytes 
are essential for an intact myelin-axon unit. 

Since myelin, once deposited, is a relatively stable 
substance metabolically, it is relatively invulnerable 
to adverse external factors. Generalized vulnerability 
of myelin to noxious agents and adverse influences is 
likely to be confined to the period just before and dur- 
ing active myelination. 
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1 .9 Myelination of the Nervous System 

Myelination of each of the multiple connecting fiber 
systems of the CNS takes place at a different time in 
early development. Some fiber systems start to myeli- 
nate halfway through gestation or later and rapidly 
attain their maximal degree of myelination, whereas 
other systems attain their maximal degree of myeli- 
nation only slowly. It is, therefore, not correct to refer 
to myelination as a singular process. There is a 
marked, temporal diversity in topographic patterns 
of myelination throughout the last half of gestation 
and during the first 2 postnatal years. Thus, at any 
time in the early development of the human brain 
there are multiple separate or intermixed regions 
of unmyelinated, partly myelinated, or completely 
myelinated tracts. 

Myelination of the nervous system follows a fixed 
pattern consisting of ordered sequences of myelinat- 
ing systems apparently governed by some rules: 

1. The first rule, probably governing all other rules, 
is that tracts in the nervous system become myeli- 
nated at the time they become functional. 

2. Most tracts become myelinated in the direction of 
the impulse conduction. 

3. Myelination starts in the PNS before it starts in the 
CNS. 

4. Myelination in central sensory areas tends to pre- 
cede myelination in central motor areas. 

5. Myelination in the brain occurs earlier in areas of 
primary function than in association areas. 

6. Roughly speaking, myelination progresses from 
caudal (spinal cord) to rostral parts (brain) and 
spreads from central (diencephalon, pre- and 
postcentral gyri) to peripheral parts of the brain. 
However, there are many exceptions to this rule. 

It is important to note that the times mentioned be- 
low for myelination of the different tracts and struc- 
tures of the brain are only generalizations and ap- 
proximations. In the first place, there is a considerable 
degree of normal variation. Secondly, the onset of 
myelination is difficult to define. It can be defined as 
the first myelin tube found on light microscopic 
examination, as the appearance of the first myelin 
lamella on ultrastructural examination, or as the first 
evidence of the presence of myelin constituents in im- 
munological investigations. 

In the 4th month of gestation myelin is first seen in 
the anterior motor roots and soon appears in the pos- 
terior roots. 

In the 5th month of gestation myelination starts in 
the dorsal columns of the spinal cord and the anteri- 
or and lateral spinothalamic tracts for conduction of 
somatesthetic stimuli. 



In the 6th month of gestation myelination pro- 
ceeds rapidly cephalad in the medial lemniscus and 
spinothalamic tracts in the brain stem tegmentum. 
Myelin begins to appear in the stato acoustic tectum 
and tegmentum and the lateral lemniscus for the con- 
duction of acoustic stimuli. Myelin is seen in the in- 
ner, vestibulocerebellar part of the inferior cerebellar 
peduncle. 

In the 7th month of gestation myelination is still 
largely confined to structures outside the dien- 
cephalon and cerebral hemispheres. Progress of 
myelination is seen in the optic nerve, optic chiasm 
and tracts, inferior cerebellar peduncle, the parasagit- 
tal part of the cerebellum, the descending trigeminal 
tract, superior cerebellar peduncle, capsule of the red 
nucleus, capsule of the inferior olivary nucleus, 
vestibulospinal, reticulospinal and tectospinal de- 
scending tracts to the spinal cord and posterior limb 
of the internal capsule. 

In the eighth month of gestation, myelination 
starts in the corpus striatum (in particular globus 
pallidus), anterior limb of the internal capsule, sub- 
cortical white matter of the post- and precentral gyri, 
rostral part of the optic radiation as well as corti- 
cospinal tracts in midbrain and pons, transpontine 
fibers, middle cerebellar peduncles and cerebellar 
hemispheres. 

In the ninth month of gestation, myelination con- 
tinues in the thalamus (in particular ventrolateral nu- 
cleus), putamen, central part of the corona radiata, 
distal part of the optic radiation, acoustic radiation, 
anterior commissure, midportion of the corpus callo- 
sum and fornix. 

However, in a child born at term, most of the struc- 
tures and tracts mentioned are not fully myelinated 
and, in fact, in some myelination has just started. 
Apart from some myelin in the central tracts of the 
corona radiata connected with the pre- and postcen- 
tral gyri, and the primary optic and acoustic radia- 
tions, the cerebral hemispheres are still largely un- 
myelinated. During the first postnatal year, myelin 
spreads throughout the entire brain. By the postnatal 
age of 12 weeks myelination is well advanced in the 
corona radiata, the optic radiation and the corpus cal- 
losum, but the frontal and temporal white matter are 
still largely unmyelinated. By the age of about 8 
months, the adult state is foreshadowed in that none 
of the fiber systems is still completely devoid of 
myelin sheaths. Myelin sheaths are still sparse in the 
temporal and frontal areas. It is not until the end of 
the second postnatal year that an advanced state of 
myelination is seen in all subcortical areas. Histologi- 
cally, myelination reaches completion in early adult- 
hood. 
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1.10 Compositional Changes 
in the Developing Brain 

The DNA content of brain is considered to be a reli- 
able indicator of cell number. The period of cellular 
proliferation can, therefore, be followed by measuring 
the amount of DNA per brain volume. In human brain 
two major periods of cell proliferation have been de- 
tected by measuring DNA levels. The first period be- 
gins at 15-20 weeks of gestation and corresponds to 
neuroblast proliferation. The second period begins at 
25 weeks of gestation and continues into the 2nd year 
of postnatal life. This latter period corresponds to 
multiplication of glial cells and includes a second 
wave of neuronogenesis, producing mainly cerebellar 
neurons. 

The ratio of protein to DNA indicates cell size. This 
ratio increases after neuronal division ends, reflecting 
in part the arborization of neuronal processes. The 
maximum ratio of protein to DNA is reached at 
2 years of age. 

The outgrowth of neuronal axons and dendrites 
results in a rapid increase in total ganglioside content 
in the brain. Increasing lipid content indicates mem- 
brane formation with, in particular, an increase in 
quantity of axonal, dendritic, and myelin membranes. 
The increasing lipid content is associated with a con- 
comitant decrease in water content. The most rapid 
increase in lipid content of the brain begins after the 
period of greatest increase of DNA and protein and is 
closely related to the onset of myelination. 

At birth, cerebral hemispheric white matter con- 
tains very little myelin and the white matter composi- 
tion of neonates is very different from the composi- 
tion of mature myelinated white matter. There is an 
important overall decrease in water content of the 
brain after birth and the change in water content is 
larger for white matter than for gray matter. The wa- 
ter content of neonatal gray matter is about 89% and 
of neonatal unmyelinated white matter about 87%, 
whereas the water content of adult gray matter is esti- 
mated to be 82% and of adult myelinated white mat- 
ter 72 %. The lipid composition of cerebral white mat- 



ter at different ages is shown in Table 1.3. A major 
change is an increase in total lipid content, with a rel- 
ative increase in glycolipids. One of these, cerebro- 
side, is usually considered to be a marker for myelin 
as it is deposited at the same rate in the brain as 
myelin. However, cerebroside is not restricted to 
myelin and as much as 30% of it may be present in 
membranes other than myelin. There is a relative de- 
crease (but absolute increase) in phospholipids in the 
white matter, which were relatively high in concentra- 
tion in unmyelinated white matter and are relatively 
low in concentration in myelin. The relative contribu- 
tion of cholesterol to total lipids remains constant, 
but the absolute cholesterol content of white matter 
increases with deposition of myelin. The changes in 
gray matter composition are much less important. 
Myelin deposition in gray matter is minor. 

The changes in white matter composition are not 
caused only by glial cell proliferation, growth of axons 
and dendrites, and myelin deposition, but also by 
some changes in myelin composition. The composi- 
tion of the myelin first deposited is somewhat differ- 
ent from that in adults. The most important changes 
are an increase in cholesterol and glycolipids as a pro- 
portion of total lipid and a decrease in phospholipids. 
In the immature brain significant amounts of glucose 
are present in the glycolipids, whereas in a mature 
brain glycolipids are present mainly as galactolipids. 
In contrast to the modest decrease in total phospho- 
lipids, more marked variations in the relative contri- 
bution of individual phospholipids are found. Sphin- 
gomyelin and ethanolamine phosphoglycerides in- 
crease, whereas choline phosphoglycerides decline. 
The molar ratio of galactolipids and choline phos- 
phoglycerides appears to be a sensitive marker of 
myelin maturation. 

In human unmyelinated white matter much of the 
cholesterol present is esterified. The same is true for 
cholesterol in newly formed myelin. During myelin 
maturation there is a decrease in the amount of cho- 
lesterol esters, and in adult white matter cholesterol is 
present almost entirely in the free form. The ratio of 
cholesterol to phospholipids in myelin increases after 



Table 1 .3. Lipid composition of human brain during development. From Svennerholm (1 963) 





Lipid composition of (frontal) cerebral cortex 


Lipid composition of (frontal) cerebral white matter 


Age 


2 months 


1 year 


5 years 


2 months 


1 year 


5 years 


Total lipids 3 


28.4 


31.3 


29.5 


29.5 


49.6 


58.2 


Cholesterol 


21.5 


19.8 


19.3 


26.4 


25.0 


24.4 


Phospholipids' 3 


76.8 


7.6 


75.6 


66.1 


53.4 


49.8 


Glycolipids b 


1.8 


2.6 


4.1 


7.5 


21.6 


25.8 



a Expressed as percentage of dry weight 

b Expressed as percentage of total lipid weight 
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birth and reaches the adult value at about 5 years of 
age. The ratio of galactolipids to phospholipids reach- 
es the adult value at about the same time. 

During development the ganglioside composition 
of myelin becomes simplified. The polysialoganglio- 
sides decline and the monosialoganglioside GM X con- 
tent approaches about 90% of the total gangliosides 
with increasing age. The total ganglioside content 
remains constant. 

Maturation of myelin is accompanied by an in- 
crease in hydroxy fatty acids and saturated and mo- 
nounsaturated fatty acids. 

Maturation of myelin is also accompanied by 
changes in the proteins. As the brain matures there is 
a change in occurrence of the major isoforms of the 
major myelin proteins. For example, initially, early in 
myelination, DM 20 is the principal isoform, whereas 
in adult brain DM 20 is present at much lower levels 
than the isoform PLP. With advancing development 
the contribution of PLP and MBP to myelin proteins 
shows a relative increase, whereas the high-molecu- 
lar-weight proteins decrease. 

On the whole, the differences in chemical compo- 
sition of immature myelin and adult myelin are not 
striking, which suggests that only subtle remodeling 
of myelin occurs in humans once myelination has 
started. The major difference between white matter 
early in life and in adult life seems to be the quantity 
of myelin rather than its quality. 



1.11 Myelin Turnover 

The principal features of myelin metabolism are its 
high rate of synthesis during the active stages of 
myelination, when each oligodendroglial cell makes 
more than three times its own weight of myelin per 
day, and its relative metabolic stability after the com- 
pletion of myelination. Individual components turn 
over at quite different rates. There are conflicting da- 
ta about the precise half-lives of the various myelin 
lipids and proteins. This is understandable, since 
there are several variables in the experimental design 
that have considerable influence on the observed, 
real or apparent, half-lives. However, some general 
conclusions can be formulated. The concept of rela- 
tive long-term metabolic stability of most myelin 
components has been confirmed. Some components 
do turn over much faster than others, and all compo- 
nents show both a slow- and a fast-turnover compo- 
nent. The data indicate that newly formed myelin is 
catabolized faster than old myelin. Hence, myelin that 
has been deposited early in life appears to have a 
higher metabolic stability than newly synthesized 
myelin. 



1.12 Aging of Myelin 

With increasing age, human brain weight decreases 
and water content increases. Levels of DNA and num- 
bers of neurons in the cerebral cortex decrease signif- 
icantly with aging. Little change is found in some re- 
gions, including the brain stem. 

Multiple morphological changes take place with 
increasing age. The most prominent neuronal 
changes are the appearance of senile plaques (areas of 
degenerating neuronal processes, reactive nonneu- 
ronal cells, and amyloid), increasing deposits of lipo- 
fuscin, and areas of neurofibrillary tangles. Synapses 
and dendrites are lost with aging. Neurotransmitter 
systems are also affected by aging. Acetylcholin- 
esterase, choline acyltransferase, tyrosine hydroxy- 
lase, DOPA decarboxylase, and glutamic acid de- 
carboxylase, enzymes involved in cholinergic, and 
dopaminergic and GABA-ergic transmission, respec- 
tively, show appreciable decreases. 

The total myelin content of white matter is reduced 
in old age. Low myelin concentrations of white matter 
most probably reflect the continuous loss of neurons 
with degeneration of axons and of the myelin sheaths. 
The lipid composition of myelin is quite constant dur- 
ing aging, with the possible exception of galac- 
tolipids, which tend to decline. Some differences are 
seen in the fatty acid composition of myelin phospho- 
glycerides and cerebrosides during aging. Myelin pro- 
teins do not undergo distinct quantitative changes in 
their relative proportions during old age. 



1.13 Function of Myelin 

Nerve fibers transmit information to other nerve 
fibers and to receptors of effector organs. The infor- 
mation is transmitted via an electric impulse called 
the action potential, which is conducted in an all-or- 
none way, i.e., the impulse is propagated or not. More 
detailed information is provided by temporal and 
spatial summation of many action potentials within 
one nerve. Myelin plays an important role in the im- 
pulse propagation. It is an insulator, but more impor- 
tant is its function to facilitate conduction in axons. 

In a resting nerve fiber, polarization of the mem- 
brane exists: the inside is charged negatively com- 
pared with the outside. In an excited area the situa- 
tion is reversed: the inside is charged positively com- 
pared with the outside. This is called membrane de- 
polarization. There is a difference in potential 
between excited and adjacent resting fiber sections 
owing to the inversion of polarization in the excited 
area. In an effort to compensate this difference in po- 
tential, local circuits of currents flow into the active 
region of the axonal membrane through the axon and 
out through the adjacent, polarized sections of the 
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Fig. 1.10. Because of the myelin 
sheath, the conduction in a myelinated 
nerve fiber is saltatory, jumping from 
node to node 
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membrane. These local circuits depolarize the adja- 
cent section of the membrane. As soon as this depo- 
larization reaches the threshold of excitation, an ac- 
tion potential arises. These local circuits depolarize 
the adjacent section of membrane in continuous se- 
quential fashion. Of course, the local circuits do not 
only flow in the direction of the impulse conduction. 
However, they cause no renewed excitation in the 
membrane that has just been excited because a tem- 
porary state of inexcitability, called the refractory pe- 
riod exists, which ensures that the fiber conducts the 
action potential in one direction and does not remain 
permanently excited. In unmyelinated fibers impuls- 
es are propagated in this way, and the entire mem- 
brane surface needs to be successively excited when 
an action potential travels along it. 

In myelinated fibers, the excitable axonal mem- 
brane is only exposed to the extracellular space at the 
nodes of Ranvier. In the area of the node of Ranvier, 
the axon is rich in sodium channels. The remainder of 
the axolemma is covered by the myelin sheath, which 
has a much higher resistance and much lower capac- 
itance than the axonal membrane. When the mem- 
brane at the node is excited, the local circuit generat- 
ed cannot flow through the high-resistance sheath, 
and therefore flows out through the next node of Ran- 
vier and depolarizes the membrane there (Fig. 1.10). 
In this so-called saltatory conduction, the impulse 
jumps from node to node, whereby the conduction 
velocity is considerably increased. Saltatory nerve 
conduction is not only faster, but it also saves energy 
because only parts of the membrane need to depolar- 
ize and repolarize for impulse conduction. For con- 
duction velocities in unmyelinated fibers equivalent 
to those in the fastest conducting myelinating fibers, 
impossibly large unmyelinated fibers and energy ex- 
penditures several orders of magnitude greater would 
be required. 

There are several factors that influence conduction 
velocity. Conduction velocity increases with increas- 
ing fiber diameter as a consequence of the smaller in- 
ternal resistance, leading to an increased flow of cur- 
rent and thus shortening the time necessary for the 
excitation of the adjacent membrane section or the 
next node of Ranvier. Increase in myelin thickness, 
which accompanies increase in fiber diameter, also 
increases conduction velocity, mainly as the result of 
a change in myelin sheath capacitance. The intern- 
odal distance influences conduction velocity. With 
shorter internodal distances, the fibers behave more 



and more like unmyelinated fibers while with longer 
internodal distances the current density at the next 
node of Ranvier becomes smaller. Consequently, 
there is an optimal ratio of internode distance to 
axon diameter. With increasing temperature conduc- 
tion velocity increases, reaching a maximum at about 
42 °C and decreasing thereafter. 



1.14 Myelin Disorders: Definitions 

< Demyelination > means, literally: loss of myelin and 
the literal interpretation of c demyelinating disorders' 
is: disorders characterized by loss of myelin. The term 
demyelination is commonly used to indicate the 
process of losing myelin, which is caused by primary 
involvement of oligodendroglia or myelin mem- 
branes. Myelin loss that is secondary to axonal loss 
and simultaneous loss of axons and myelin sheaths is 
not usually included under the heading of demyelina- 
tion. 

However, there is considerable confusion about the 
meaning of the terms demyelination and demyelinat- 
ing disorders. Sometimes demyelination is used to 
mean all conditions in which loss of myelin occurs, 
irrespective of whether the myelin membrane was 
primarily affected or was broken down secondary to 
or at the same time as axonal loss. This is probably 
partly because it is not always clear whether the loss 
of myelin is primary or secondary in nature. The mu- 
tual dependence of axons and myelin sheaths is an 
important factor in this respect. Demyelination will 
eventually lead to axonal loss, and in the end axonal 
degeneration will lead to loss of myelin. Hence, using 
histological examination it may be very difficult to 
differentiate between primary and secondary myelin 
loss. Another confusing factor is that some disorders 
show evidence of simultaneous primary neuronal de- 
generation and primary demyelination. The random 
use of related terms, such as dysmyelination,myelino- 
clastic disorders, white matter disorders, leuko- 
encephalopathies and leukodystrophies add to the 
confusion. 

Poser (1957) introduced the concept of 'dysmyeli- 
nation. > He proposed dividing the disorders charac- 
terized by primary myelin loss into 'myelino clastic 
disorders' and c dysmyelinating disorders' (1961, 
1978). He considered the myelino clastic disorders to 
be the true demyelinating disorders, in which the 
myelin sheath is destroyed after having been normal- 
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ly constituted. Examples are multiple sclerosis and 
acute disseminated encephalomyelitis. The dysmyeli- 
nating disorders comprise those disorders in which 
"myelin is not formed properly, or in which myelin 
formation is delayed or arrested, or in which the 
maintenance of already formed myelin is disturbed." 
Examples are metachromatic leukodystrophy and 
adrenoleukodystrophy. The idea behind the concept 
of dysmyelinating and myelino clastic disorders is to 
distinguish between inherited disorders, especially 
inborn errors of metabolism, leading to disturbed 
myelination and myelin loss, and acquired disorders 
characterized by primary myelin loss. However, the 
definition of dysmyelinating disorders, as formulated 
by Poser, does not exclude all acquired disorders. 
There are many conditions characterized by a distur- 
bance of myelination, and most of these are caused by 
external factors. Moreover, myelin may have been 
constituted normally in inherited disorders, only to 
be lost after many years. 

There are several definitions of the term 'leukody- 
strophy.' Seitelberger (1984) defines leukodystrophies 
as degenerative demyelinating processes caused by 
metabolic disorders. Morell and Wiesmann (1984) 
state that leukodystrophies are disorders affecting 
primarily oligodendroglial cells or myelin. The disor- 
ders have to be of endogenous origin with a pattern 
compatible with genetic transfer of a metabolic 
defect. The clinical criterion is a steadily progressive 
deterioration of function. Menkes (1990) defines 
leukodystrophies as a group of genetically transmit- 
ted diseases in which abnormal metabolism of myelin 
constituents leads to progressive demyelination. 
Common concepts in these definitions are demyeli- 
nation and inborn errors of metabolism. Heritability 
is implied. As such, the leukodystrophies are identical 
with inherited demyelinating disorders. 

The terms 'white matter disorders' and 'leukoen- 
cephalopathies > comprise all disorders that selective- 
ly or predominantly involve the white matter of the 
CNS, irrespective of the underlying pathophysiologic 
mechanism and histopathologic basis. 'White matter 
disorders' is a literal translation of leukoencephalo- 
pathies. Sometimes these terms are used as if they are 
interchangeable with 'demyelinating disorders/ but 
usually they are used in the context of a wider range 
of disorders, characterized by either primary myelin 
loss or nonselective damage to myelin, axons and sup- 
portive tissue of the white matter. For instance, when 
the terms white matter disorder and leukoen- 
cephalopathy are applied in elderly people, ischemic 
white matter lesions are also implied, which do not in- 
volve or do not only involve a selective loss of myelin. 

In this book the following definitions are used: 
- < Demyelination > is reserved for the process of 
myelin loss caused by primary and selective ab- 
normality of either oligodendroglia or of the 



myelin membrane itself. 'Demyelinating disor- 
ders' are conditions characterized by demyelina- 
tion. Examples: metachromatic leukodystrophy, 
multiple sclerosis. 

- 'Hypomyelination' is reserved for conditions with 
a significant permanent deficit in myelin deposit- 
ed. The most extreme variant of hypomyelination 
is amyelination. Example: Pelizaeus-Merzbacher 
disease. 

- 'Dysmyelination', as the literal translation of the 
name implies, is reserved for conditions in which 
the process of myelination is disturbed, leading to 
abnormal, patchy, irregular myelination, some- 
times but not necessarily combined with myelin 
loss. Examples: some amino acidopathies, dam- 
aged structure of unmyelinated white matter after 
perinatal hypoxia or encephalitis. 

- 'Retarded myelination > is reserved for disorders 
in which the deposition of myelin is delayed, 
but progressing. Examples: inborn errors of me- 
tabolism with early onset, malnutrition, hydro- 
cephalus. 

- 'Myelin disorders' comprise all the above-men- 
tioned conditions. 

- 'White matter disorders' and 'leukoencephalo- 
pathies' can be defined as all conditions in which 
predominantly or exclusively white matter is af- 
fected. Either myelin or a combination of myelin 
and other white matter components is involved. 
Hence, white matter disorders comprise all myelin 
disorders, but also, for instance, white matter infec- 
tions and infarctions, which may affect various 
white matter components nonselectively. 

- 'Gray matter disorders' comprise all disorders in 
which neurons and axons are predominantly or 
exclusively affected. 



1.15 Levels of Myelin Involvement 

Both inherited and acquired myelin disorders can 
arise at the level of the myelin membranes or the 
oligodendroglial cells. As a consequence, the process- 
es of myelin build-up, maintenance, and turnover 
may be disturbed. 

The processes of myelin build-up and deposition 
are highly complex and require the expression of 
many genes, the presence of many substances, the 
activity of many enzymes, optimal coordination of 
processes within the oligodendrocytes, and optimal 
cooperation with the environment. Complex and dy- 
namic processes are particularly vulnerable, and the 
process of active myelination is easily disturbed. 
Some inborn errors of metabolism lead to a shortage 
of myelin components, and as a consequence to a dis- 
turbance of the process of myelination. An example is 
found in Pelizaeus-Merzbacher disease. Acquired dis- 
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orders, such as hormonal imbalances and severe mal- 
nutrition, can also lead to disturbed myelin build-up. 

A disturbance of myelin maintenance and turn- 
over can lead to demyelination. In some inborn errors 
of metabolism, the basic enzymatic defect involves 
the breakdown of one of the myelin components. This 
component is trapped in the myelin sheath, and its 
concentration increases gradually. Finally, the myelin 
composition is altered to such a degree that the 
stability is lost, leading to demyelination. Examples 
are metachromatic leukodystrophy and globoid cell 
leukodystrophy. Of the acquired demyelinating disor- 
ders, toxic disorders in particular can lead to a distur- 
bance of myelin maintenance and turnover. Myelin is 
rich in lipids and has a long half-life. Consequently, 
lipophilic substances easily accumulate in myelin, 
disturbing the stability of the myelin membrane and 
leading to demyelination. 

The myelin membrane may be intact and normal 
in appearance, biochemical composition, and func- 
tion until it is attacked from the outside. This appears 
to be the case in several acquired demyelinating 
disorders, including inflammatory processes (e.g., 
multiple sclerosis, acute disseminated encephalomye- 
litis), metabolic disturbances (e.g., central pontine 
myelinolysis, Marchiafava-Bignami syndrome) and 
hypoxia (delayed posthypoxic demyelination). 

Demyelinating disorders can also arise at the level 
of the oligodendrocytes. Damage to oligodendrocytes 
can lead to disturbances of myelin build-up, main- 
tenance, and turnover. In some inborn errors of 
metabolism storage of unwanted material occurs, 
ultimately leading to dysfunction and death of oligo- 
dendrocytes. In globoid cell leukodystrophy the toxic 
substance psychosine is thought to lead to oligoden- 
droglial cell death and myelin loss. In acquired de- 
myelinating disorders, selective oligodendroglial cell 
death can also occur. This is the case, for instance, in 
progressive multifocal leukoencephalitis, in which 
viral infection of oligodendrocytes is present. 

Of course, in many disorders more than one mech- 
anism of myelin affection is involved. In disturbances 
of myelin build-up the myelin that is laid down may 
have an abnormal composition and configuration. 
Delayed myelination, dysmyelination, and early de- 
myelination can occur at the same time. In other dis- 
orders, oligodendroglial cell death and myelin break- 
down independent of oligodendroglial cell death 
occur simultaneously. 



1.16 Biochemical Changes Related 
to Demyelination 

Demyelinating disorders can be subdivided into two 
large categories: inherited disorders due to an inborn 
error of metabolism and acquired disorders sec- 



ondary to adverse factors in the internal or external 
environment. 

Biochemical analysis of myelin and white matter 
demonstrates an abnormal composition of the same 
type in many demyelinating disorders of diverse 
etiology. The concept of the nonspecific process of 
myelin breakdown suggests that when maintenance 
of normal myelin is no longer possible it follows a 
stereotyped route to complete destruction, largely 
irrespective of the initiating causes. The etiological 
factors can be waller ian degeneration, infections such 
as subacute sclerosing panencephalitis, or intoxica- 
tions with such agents as triethyltin, but also inherit- 
ed metabolic diseases, e.g.,X-linked adrenoleuko dys- 
trophy, Canavan disease, and many other demyelinat- 
ing diseases. In inherited diseases affecting myelin 
metabolism, biochemical analysis often reveals cer- 
tain abnormalities superimposed on the nonspecific 
compositional abnormalities. These abnormalities 
are specific for a particular disorder or type of disor- 
ders. For instance, an elevation of the very long-chain 
fatty acids of the cholesterol esters is specific for a 
subgroup of peroxisomal disorders, including X- 
linked adrenoleuko dystrophy. An elevation of sul- 
fatide is found in the white matter of patients with 
metachromatic leukodystrophy. The specific bio- 
chemical abnormalities of myelin in the various dis- 
orders are discussed in separate chapters. Here we 
will limit our discussion to the nonspecific myelin ab- 
normalities. It should, however, be kept in mind that 
the degree of abnormality varies considerably among 
different diseases and among different cases of the 
same disease depending on the stage of disease. 

In degenerating myelin, the proportion of total 
protein to total lipid is not usually dramatically 
altered, but the proportions of individual lipids are 
abnormal. The amount of galactolipids is decreased, 
and cerebroside is usually much more severely affect- 
ed than sulfatide. Moderate decreases of ethanol- 
amine phosphoglycerides (mostly plasmalogen) are 
common. The amount of unesterified cholesterol is 
increased, often strikingly so, constituting almost half 
or even more than half the total lipid content, in con- 
trast to approximately 27% in normal myelin. No 
esterified cholesterol is found in the degenerating 
myelin sheath. Such abnormal myelin is an interme- 
diate form between normal myelin and completely 
catabolized myelin. The abnormalities are a result of 
partial degradation. 

The compositional changes in white matter as a 
whole depend primarily on the extent of myelin loss 
and only secondarily on changes in myelin com- 
position. Typical white matter changes are increased 
water content and reduced lipid-to-protein ratios, 
with specific decreases in such major myelin con- 
stituents as cholesterol, cerebroside, sulfatide, and 
ethanolamine phosphoglycerides. In addition, there 
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is an increase in cholesterol esters in whole white 
matter in a number of diseases, but not in all. The 
fatty acid composition of these esters is different from 
that of the small amount of esters normally present in 
white matter, but closely resembles the fatty acids 
linked to the 2-position in phosphatidylcholine. It is 
assumed that these esters come from myelin choles- 
terol and phosphoglyceride fatty acids. The presence 
of cholesterol esters is taken as evidence of an active 
phagocytosis of myelin and, as such, as an indicator of 
active demyelination, but the absence of cholesterol 
esters does not mean that there is no active demyeli- 
nation. The presence of cholesterol esters is reflected 
in sudanophilia on histological examination. It is 
probable that the mechanism of breakdown is slight- 
ly different in sudanophilic myelin destruction and 
nonsudanophilic breakdown. 



1.17 Demyelination: Loss of Function 

In normal myelinated nerve fibers, conduction is 
saltatory and internodal conduction time is fairly reg- 
ular. The conduction in demyelinated axons differs 
dramatically from that in normal fibers. The impulse 
conduction may be either saltatory or continuous. If 
the impulse conduction remains saltatory, the intern- 
odal conduction time varies widely from internode to 
internode. The internodal conduction time is pro- 
longed by increased leakage of current between the 
nodes and by depression of excitability of the nodal 
membrane. There is, therefore, a decreased current 
generation capacity and an increased threshold for 
excitation. In demyelinated fibers, a very slow contin- 
uous conduction (about 5% of the conduction veloc- 
ity of normal fibers) may be seen over short stretch- 
es. A so-called safety factor for impulse conduction 
can be calculated. If the required minimum is not 
reached, impulse propagation is blocked. Further- 
more, the refractory period of demyelinated fibers is 
increased, which leads to failure to transmit high-fre- 
quency trains of impulses. 

It is clear that demyelination, depending on its ex- 
tent and severity, can lead to serious loss of function. 
However, damage to neurons, although not as promi- 
nent as destruction of myelin, may also play a part in 
the functional deficit. Especially in inborn errors of 
metabolism, substances may also accumulate in the 
membranes of axons, and in this way axonal dysfunc- 
tion may arise, contributing to the functional loss. 



1.18 Remyelination 

Remyelination in the CNS is possible. Remyelinated 
fibers can be recognized because the internodes are 
too short and the myelin sheath is too thin for the size 



of the axon. Even with time, there is no restitution of 
the normal axon-to-myelin ratio. The new myelin 
sheath in itself is normal with normal lamellar peri- 
odicity. 

Remyelination also occurs when the demyelinated 
lesion was depleted of oligodendrocytes. The neces- 
sary supply of oligodendrocytes is provided by prolif- 
eration of remaining, mature oligodendrocytes and 
possibly also by proliferation of progenitor cells fol- 
lowed by differentiation into myelinating oligoden- 
drocytes. It is often found that axons tend to be re- 
myelinated in clusters, suggesting that a single oligo- 
dendrocyte myelinates many axons in the vicinity. 

Remyelination among the demyelinating disorders 
is variable. The most successful examples of remyeli- 
nation are found in those conditions in which de- 
myelination has occurred rapidly, irrespective of 
whether the condition is acute and monophasic or re- 
lapsing and remitting. Remyelination is much more 
limited in demyelinating disorders with a protracted, 
chronic course. The presence of additional axonal 
damage has an adverse effect on potential remyelina- 
tion. Some local factors, when present, may stimulate 
remyelination. There is evidence that epidermal 
growth factor, interleukin-2, immunoglobulins, 
platelet-derived growth factor and insulin growth 
factors may stimulate survival and proliferation of 
oligodendrocytes and remyelination. In contrast, the 
presence of T-CD4+ immune cells interferes with 
remyelination. 



1.19 Retarded Myelination 

The process of myelination is both complex and pro- 
tracted. This means that the process is vulnerable to 
adverse factors over a long period of time, namely 
from the second half of gestation up to the end of the 
1st or 2nd year of life. Many stress factors that act on 
the incompletely myelinated brain and interfere with 
the process of myelination do not have such a pro- 
foundly adverse effect on the mature brain. For in- 
stance, in the mature brain in which myelination is 
complete, stress factors such as malnutrition or hor- 
monal imbalances will not appreciably reduce the 
amount of myelin. 

Well-known factors potentially leading to retarda- 
tion of myelination include malnutrition, hormonal 
imbalances (growth hormone deficiency, hypothy- 
roidism, hypocortisolism, hypercortisolism), prena- 
tal exposure to toxins (alcohol, anticonvulsants), 
chromosomal abnormalities, pre- and postnatal as- 
phyxia, cerebral infections, hydrocephalus, and in- 
born errors of metabolism with early onset. 

It is important to realize that myelination is depen- 
dent on normal function and interaction of oligoden- 
drocytes, neurons, and astrocytes and that retarda- 
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tion of myelination can be related to dysfunction of 
oligodendroglia and myelin, dysfunction of astro- 
cytes, or neuronal dysfunction. Cerebral infections 
and perinatal asphyxia may lead to disturbance of 
myelination through white matter damage or through 
neuronal damage. In addition, inborn errors of 
metabolism may disturb the process of myelination 
either directly, at the level of the oligodendrocyte or 
myelin sheath, or indirectly, at the level of the astro- 
cyte or neuron. It is important to realize that a distur- 
bance of myelination may also be seen in neuronal 
disorders with early onset. For instance, in Menkes 



disease, Alpers disease, infantile neuronal ceroid lipo- 
fuscinosis, infantile GMi gangliosidosis, and infantile 
GM 2 gangliosidosis, all of which are neuronal disor- 
ders, myelination is severely retarded and the white 
matter looks severely abnormal on MRI, whereas in 
the later onset variants of neuronal ceroid lipofusci- 
nosis, GMx gangliosidosis and GM 2 gangliosidosis 
these white matter abnormalities do not occur. 

It has been demonstrated that myelination is an 
expression of the functional maturity of the brain. 
Retarded myelination is an expression of immaturity 
or dysfunction. 



Chapter 2 

Classification of Myelin Disorders 



The history of classifications of myelin disorders 
shows how each classification reflects the state of sci- 
entific development of its time. A revised classifica- 
tion based on the most recent scientific insights is 
proposed at the end of this chapter. 

Interest in CNS myelin dates back to the nineteenth 
century. In 1854, Virchow was the first to suggest the 
name 'myelin' when he described the sheaths around 
axons in the CNS. It is not certain when Schwann 
(1810-1882) first described the cells since named af- 
ter him, which supply the myelin sheaths around the 
peripheral nerve fibers. In 1878, Ranvier described 
the nodes that have since been given his name in his 
"Legons sur Vhistologie du systeme nerveux" He be- 
lieved that the nodes prevented the essentially liquid 
myelin from flowing to the bottom of the nerve fiber 
(axon). But despite this conviction, he showed consid- 
erable insight into the functional role of the myelin 
sheath, both as an insulator and as a facilitatory agent 
in CNS functions. It was not until 1960-1961 that the 
role of the oligodendrocyte in the formation of 
myelin in the CNS became clear, and this was due to 
the work of Bunge. 

During the nineteenth century and early twentieth 
century, important progress was made in the clinical 
and histological description of several demyelinating 
disorders. Multiple sclerosis was recognized as a clin- 
ical disease entity, and the characteristic histological 
abnormalities, in the form of multiple demyelinated, 
sclerotic plaques within otherwise normal white mat- 
ter, were described. Prominent names in this develop- 
ment are Carswell (1838), Cruveilhier (1835-1842) 
and Charcot (1868). 

In 1897, Heubner described a rare neurological 
disease in children, using the name diffuse sclerosis 
as opposed to multiple sclerosis. The disease was his- 
tologically characterized by diffuse demyelination of 
the cerebral white matter and eventual striking hard- 
ening of the white matter. Since that time, the term 
'diffuse sclerosis' has commonly been used to de- 
scribe cerebral diseases with diffuse demyelination 
and sclerotic hardening of the cerebral white matter. 
Pelizaeus in 1899 and Merzbacher in 1910 reported on 
a chronic progressive familial type of diffuse sclerosis. 

In 1912, Schilder described a nonfamilial case of 
more acute diffuse cerebral demyelination in a child, 
and he suggested the name encephalitis periaxialis 
diffusa rather than diffuse sclerosis. In this case, more 
prominent signs of inflammation and a less symmet- 



rical distribution were observed than in the familial 
cases described up to that time. Schilder considered 
that this disease was a nosological and histological 
entity related to multiple sclerosis and thought there 
were acute and chronic variants of diffuse sclerosis 
just as there were acute and chronic types of multiple 
sclerosis. 

Since Schilder's time a number of familial neuro- 
logical disorders have been recognized, which were 
histologically characterized by diffuse demyelination 
and again presented under the heading of diffuse 
sclerosis. In 1916, Krabbe described a familial infan- 
tile form of diffuse sclerosis. Another familial variant, 
with a later onset and a less rapid progression, was re- 
ported in 1925 by Scholz and in 1928 by Bielschowsky 
and Henneberg. Scholz noted that in this case the 
myelin breakdown products did not show the usual 
(orthochromatic) staining properties, but stained 
metachromatically. 

In 1921, Neubiirger drew attention to the fact that 
the term diffuse sclerosis was being applied to sever- 
al very different disease entities, and he proposed a 
distinction between inflammatory and degenerative 
forms. In 1928, Bielschowsky and Henneberg suggest- 
ed the name 'hereditary progressive leukodystro- 
phies' for the degenerative forms of diffuse sclerosis 
and devised the following classification, based on the 
time of onset of the disease and its clinical course: 

1. Infantile type of Krabbe 

2. Subacute juvenile type of Scholz 

3. Chronic type of Pelizaeus-Merzbacher 

Hallervorden (1940) recognized that there were en- 
dogenous and exogenous factors causing diffuse de- 
myelination and that a distinction was possible be- 
tween disorders in which demyelination is invariably 
present and forms a specific part of the disease and 
disorders in which demyelination occurs occasional- 
ly and is nonspecific. He proposed a more extended 
classification based on these subdivisions: 

I. Endogenous central demyelination 

A. Specific demyelinating diseases 

a. Diffuse sclerosis of Krabbe and Scholz 

b. Pelizaeus-Merzbacher disease 

B. Nonspecific occasional demyelination 
e.g. Tay-Sachs disease 

II. Exogenous central demyelination 
A. Specific demyelinating diseases 
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a. Inflammatory types: 

- Disseminated sclerosis 
(= multiple sclerosis) 

- Diffuse sclerosis (Schilder) 

- Concentric sclerosis (Bald) 

- Neuromyelitis optica (Devic) 

- Encephalomyelitis disseminata 

- Infectious encephalitis 

b. Toxic-metabolic types: 

- Funicular myelosis 

(= vitamin B i2 deficiency) 

- Marchiafava-Bignami disease 

B. Nonspecific occasional demyelination 

a. Disturbances of blood flow, e.g. subcortical 
atherosclerosis (= Binswanger disease) 

b. Edema 

c. Toxic processes (carbon monoxide) 

d. Tumors 

Until that time, distinctions between different dis- 
eases had been based on neuropathological and clin- 
ical aspects of different demyelinating disorders. 
From about this time onwards, histochemical meth- 
ods and chemical analyses became increasingly im- 
portant. The classification proposed by Blackwood in 
1957 is a reflection of this development. It is based not 
only on morphological but also on histochemical dif- 
ferences between various subgroups of diffuse sclero- 
sis: 

I Disseminated sclerosis (= multiple sclerosis) 

II Diffuse demyelinating cerebral sclerosis 

1. With replacement of myelin by sudanophilic 
lipid 

a. With large bilateral cerebral plaques 

b. With concentric demyelination (Bald type) 

2. a. With replacement of myelin by metachro- 

matic PAS-positive lipid (Norman type or 
Scholz type) 
b. With associated degeneration of interfasci- 
cular oligodendroglia (Greenfield type) 

3. With replacement of myelin by nonmet achro- 
matic PAS-positive lipid (globoid cell or Krabbe 
type) 

Meanwhile, insight into normal biochemistry and in- 
to mechanisms of biochemical derangement was 
growing. The concept of hereditary inborn errors of 
metabolism caused by an enzyme defect leading to 
dysfunction and breakdown of myelin started to 
emerge. Foiling (1934) reported 10 patients in the 
same family with mental retardation and phenyl- 
pyruvic acid in their urine. Jervis discovered in 1947 
that the underlying metabolic defect in phenylke- 
tonuria is a deficiency of phenylalanine hydroxylase. 
In 1955, Diezel found that the lipids stored in the 
globoid cells in Krabbe disease have very similar 
properties to those of cerebroside. In 1970, Suzuki 



and Suzuki were the first to propose a deficiency of 
galactocerebrosidase as the underlying biochemical 
cause of this disease. Advances in histochemistry also 
made it possible to discover the basis of metachro- 
matic leukodystrophy. Metachromasia had already 
been found by Alzheimer in 1910, by Scholz in 1925, 
and later by Von Hirsch and Peiffer (1955 and 1957). 
Edgar (1955) pointed out that this condition was 
characterized by a remarkable elevation of white mat- 
ter hexosamine. In 1964, Austin et al. demonstrated a 
decrease in arylsulfatase A activity in metachromatic 
leukodystrophy. 

The enzyme defects of an increasing number of 
hereditary diseases were detected, whereas in other 
cases the precise enzyme defect could not yet be dis- 
covered but typical biochemical abnormalities char- 
acteristic for the diseases could be demonstrated. The 
increased insight into hereditary metabolic disorders 
and the ongoing ability to distinguish different hered- 
itary and acquired demyelinating disorders on the ba- 
sis of a combination of clinical, histological and bio- 
chemical data, were reflected in the classification pro- 
posed by Raine (1984). Raine distinguished five main 
categories: 

I Acquired inflammatory and infectious diseases of 
myelin 

1. Multiple sclerosis 

2. Multiple sclerosis variants 
(Schilder, Bald, Devic) 

3. Acute disseminated encephalomyelitis 

4. Acute hemorrhagic leukoencephalopathy 

5. Progressive multifocal leukoencephalopathy 

II Hereditary metabolic disorders of myelin 

1. Metachromatic leukodystrophy 

2. Globoid cell leukodystrophy (Krabbe) 

3. Adrenoleukodystrophy 

4. Refsum disease 

5. Pelizaeus-Merzbacher disease 

6. Dysmyelinogenetic leukodystrophy 
(Alexander) 

7. Spongy degeneration (Canavan) 

8. Phenylketonuria 

III Acquired toxic-metabolic diseases of myelin 

1. Hexachlorophene neuropathy 

2. Hypoxic encephalopathy 

IV Nutritional diseases of myelin 

1. Vitamin B 12 deficiency 

2. Central pontine myelinolysis 

3. Marchiafava-Bignami disease 

V Traumatic diseases of myelin 

1. Edema 

2. Compression 

3. Barbotage 

4. Pressure release 

In this classification, four of the five categories in- 
volve acquired demyelinating disorders, and only one 
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involves hereditary demyelinating disorders. The log- 
ical continuation of this development is a refinement 
of the classification of hereditary demyelinating dis- 
orders. For instance, in some diseases the inborn er- 
ror affects the metabolism of amino acids, and in oth- 
er diseases it affects the lipid metabolism. A further 
subdivision can be made among the disorders of lipid 
metabolism according to the type of lipids involved. 
In 1987, Poser proposed a classification of hereditary 
myelin disorders based on the biochemical group of 
compounds whose metabolism is disturbed. He dis- 
tinguished six categories: 

1. Disorders of glycosphingolipid metabolism 

a. Ganglioside: GMi and GM 2 gangliosidoses, 
hematoside sphingolipodystrophy 

b. Sulfatide: metachromatic leukodystrophy 

c. Galactocerebroside: 
globoid cell leukodystrophy 

2. Disorders of phosphosphingolipid metabolism 
a. Sphingomyelin: Niemann-Pick disease 

3. Disorders of fatty acid metabolism 
a. Adrenoleuko dystrophy 

4. Disorders of amino acid metabolism 

a. Phenylalanine: phenylketonuria 

b. Branched-chain amino acids: 
maple syrup urine disease 

c. Many other amino acidopathies 

5. Multiple abnormalities 
a. Mucosulfatidosis 

6. Unknown abnormalities 

a. Idiopathic spongy sclerosis (Canavan) 

b. Fibrinoid leukodystrophy (Alexander) 

c. Pelizaeus-Merzbacher disease 

d. Idiopathic sudanophilic leukodystrophy 

An important development during the last few 
decades concerns the knowledge of subcellular struc- 
tures, their role in normal metabolism and the conse- 
quences of their dysfunction. Major subcellular struc- 
tures are the nucleus, lysosomes, mitochondria, per- 
oxisomes, cytoplasm matrix, smooth and rough en- 
doplasmic reticulum, Golgi apparatus, ribosomes, 
and microtubules. 

Demyelinating disorders have been described as 
resulting from nuclear, lysosomal, mitochondrial, 
peroxisomal, and cytoplasmic enzyme dysfunctions. 
Classification of hereditary demyelinating disorders 
according to the subcellular localization of the under- 
lying metabolic defect stresses the clinical, biochemi- 
cal, and neuropathological similarities within one 
category and the differences between the different 
categories. For the same reason, it is preferable to 
classify the acquired demyelinating disorders accord- 
ing to their underlying causes into noninfectious-in- 
flammatory, infectious-inflammatory, toxic-meta- 
bolic, hypoxic-ischemic and traumatic. A number of 



disorders remain for which the primary defect is 
largely or completely unknown. 

An important point is that with increasing scientif- 
ic insight the difference between 'primary demyeli- 
nating disorders' or 'myelin disorders' and 'primary 
neuronal or axonal degenerative disorders' is becom- 
ing less clear. It is evident now that in a classic 'prima- 
ry demyelinating disorder' such as multiple sclerosis, 
early and important axonal damage and loss occurs. 
Some disorders, such as vanishing white matter, are 
characterized by serious loss of both axons and 
myelin sheaths, and it may be that neither of them is 
really 'primary' Several 'primary neuronal disorders' 
with infantile onset are accompanied by prominent 
white matter abnormalities, which are not seen in the 
later onset forms of the same disorders. This is the 
case, for instance, in infantile GM 2 gangliosidosis, in- 
fantile GM X gangliosidosis, and infantile neuronal 
ceroid lipofuscinosis. We agree with Hallervorden 
and Poser that these disorders must have a place in a 
classification of myelin disorders, just as they also be- 
long in a classification of neuronal disorders. Because 
of the difficulties in distinguishing 'primary neu- 
ronal/axonal disorders' from 'primary myelin disor- 
ders,' we use the neutral word 'leukoencephalo- 
pathies' to comprise all disorders that predominantly 
affect the white matter of the CNS, irrespective of 
whether or not the white matter abnormalities are the 
result of a primary abnormality of myelin. 

We propose the following classification of leuko- 
encephalopathies: 
I Hereditary disorders 

1. Lysosomal storage disorders 

a. Metachromatic leukodystrophy 

b. Multiple sulfatase deficiency 

c. Globoid cell leukodystrophy 
(Krabbe disease) 

d. GMi gangliosidosis 

e. GM 2 gangliosidosis 

f. Fabry disease 

g. Fucosidosis 

h. Mucopolysaccharidoses 
i. Sialic acid storage disorders 
j. Neuronal ceroid lipofuscinoses 
k. Polyglucosan body disease 

2. Peroxisomal disorders 

a. Peroxisome biogenesis defects 

b. Bifunctional protein deficiency 

c. Acyl-CoA oxidase deficiency 

d. X-linked adrenoleuko dystrophy 
and adrenomyeloneuropathy 

e. Refsum disease 

3. Mitochondrial dysfunction 
with leukoencephalopathy 

a. Mitochondrial myopathy encephalopathy, 
lactic acidosis, and stroke-like episodes 
(MELAS) 
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b. Leber hereditary optic neuropathy 

c. Kearns-Sayre syndrome 

d. Mitochondrial neurogastrointestinal 
encephalomyopathy (MNGIE) 

e. Leigh syndrome and mitochondrial 
leukoencephalopathies 

f. Pyruvate carboxylase deficiency 

g. Multiple carboxylase deficiency 
h. Cerebrotendinous xanthomatosis 

4. Nuclear DNA repair defects 

a. Cockayne syndrome 

b. Trichothiodystrophy with photosensitivity 

5. Defects in genes encoding myelin proteins 

a. Pelizaeus-Merzbacher disease 

b. 18q~ syndrome 

6. Disorders of amino acid and organic acid me- 
tabolism 

a. Phenylketonuria 

b. Glutaric aciduria type 1 

c. Propionic acidemia 

d. Nonketotic hyperglycinemia 

e. Maple syrup urine disease 

f. 3-Hydroxy 3-methylglutaryl-CoA lyase 
deficiency 

g. Canavan disease 

h. L-2-Hydroxyglutaric aciduria 
i. D-2-Hydroxyglutaric aciduria 
j. Hyperhomocysteinemias 
k. Urea cycle defects 
1. Serine synthesis defects 

7. Miscellaneous 

a. Sulfite oxidase deficiency and molybdenum 
cofactor deficiency 

b. Galactosemia 

c. Sjogren-Larsson syndrome 

d. Lowe syndrome 

e. Wilson disease 

f. Menkes disease 

g. Premutation fragile X 
h. Hypomelanosis of Ito 

i. Incontinentia pigmenti 

j. Alexander disease 

k. Giant axonal neuropathy 

1. Megalencephalic leuko encephalopathy 

with subcortical cysts 
m. Congenital muscular dystrophies 
n. Myotonic dystrophy type I 
o. Proximal myotonic dystrophy 
p. X-linked Charcot-Marie-Tooth disease 
q. Oculodigitodental dysplasia 
r. Vanishing white matter 
s. Aicardi-Goutieres syndrome and variants 
t. Leuko encephalopathy with calcifications and 

cysts 
u. Leukoencephalopathy with involvement of 

brain stem and spinal cord and elevated 

white matter lactate 



v. Hypomyelination with atrophy of the basal 

ganglia and cerebellum 
w. Hereditary diffuse leukoencephalopathy 

with neuroaxonal spheroids 
x. Dentatorubropallidoluysian atrophy 
y. Amyloid angiopathy 
z. Cerebral autosomal dominant arteriopathy 

with subcortical infarcts and leukoen- 
cephalopathy (CADASIL) 
aa. Cerebral autosomal recessive arteriopathy 

with subcortical infarcts 

and leukoencephalopathy (CARASIL) 
bb. Nasu-Hakola disease 
cc. Pigmentary orthochromatic 

leukodystrophy 
dd. Adult autosomal dominant 

leukoencephalopathies 
II Acquired myelin disorders 

1. Noninfectious-inflammatory disorders 

a. Multiple sclerosis and variants 

b. Acute disseminated encephalomyelitis 
and acute hemorrhagic encephalomyelitis 

2. Infectious-inflammatory disorders 

a. Subacute HIV encephalitis 

b. Progressive multifocal leukoencephalitis 

c. Brucellosis 

d. Subacute sclerosing panencephalitis 

e. Congenital cytomegalovirus infection 

f. Whipple disease 

g. Other infections 

3. Toxic-metabolic disorders 

a. Toxic leukoencephalopathies 
(endogenous and exogenous toxins) 

b. Central pontine and extrapontine 
myelinolysis 

c. Salt intoxication 

d. Marchiafava-Bignami syndrome 

e. Vitamin B12 deficiency, folate deficiency 

f. Malnutrition 

g. Paraneoplastic syndromes 

h. Posterior reversible encephalopathy 
syndrome 

4. Hypoxic-ischemic disorders 

a. Posthypoxic-ischemic leukoencephalo- 
pathy of neonates 

b. Delayed posthypoxic-ischemic 
leukoencephalopathy 

c. Subcortical arteriosclerotic encephalopathy 
(Binswanger disease) 

d. Vasculitis 

e. Vasculopathy of other origin 

5. Traumatic disorders 

a. Diffuse axonal injury 

The category of so-called cytoplasmic enzyme defi- 
ciencies is not listed in this classification. The ratio- 
nale is that such a disease category would represent a 
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very heterogeneous group of disorders as the cyto- 
plasm contains enzymes of many different biochemi- 
cal pathways. This is why it is preferable in this case to 
make a subdivision according to the specific metabol- 
ic pathway involved. However, the group of amino aci- 
dopathies and organic acidopathies is heterogeneous, 
as some of the enzymes concerned are in fact mito- 
chondrial or peroxisomal. In view of the relative ho- 
mogeneity in clinical presentation, diagnostic tests, 
and treatment strategies, we prefer to place them in 
one category, which is also in keeping with general 
practice. 



Over the years, this classification has been modi- 
fied repeatedly. The basic defects of a steadily increas- 
ing number of hereditary myelin disorders have been 
elucidated, and the number of 'unknown' disorders is 
decreasing. Even the present classification of leuko- 
encephalopathies is provisional and will have to be 
adapted in the future to take account of expanding 
scientific insights. The structure of the proposed clas- 
sification allows easy integration of further informa- 
tion. 



Chapter 3 

Selective Vulnerability 



Within the context of this book, attention is paid to 
the concept of selective vulnerability, for two reasons. 
In the first place, the recognition of patterns of selec- 
tive vulnerability contributes to the understanding of 
pathogenetic mechanisms of cerebral damage in the 
different disorders. In the second place, the recogni- 
tion of patterns of selective vulnerability is of practi- 
cal value and contributes to the diagnostic specificity 
of MRI interpretation. The concept of MRI pattern 
recognition is based on the concept of selective vul- 
nerability. 

Spielmeyer (1925), Meyer (1936), Vogt and Vogt 
(1937) and Scholz (1953) introduced the concept that, 
apart from the distribution of infarctions in vascular 
territories and border zones, specific brain regions 
may be more vulnerable to ischemic injury than oth- 
ers. Spielmeyer tried to find an explanation for this 
difference by suggesting that variations in the local 
vascular supply facilitated vascular insufficiency in 
such areas as the hippocampus. As we now know, 
structures of the CNS have different degrees of sensi- 
tivity to oxygen deprivation. Of the cellular elements 
of the CNS, the neurons are the most vulnerable, fol- 
lowed by oligodendroglia, astroglia and, finally, 
endothelial cells. Within the group of neurons, 
some neuronal cell types are more vulnerable to hy- 
poxic-ischemic damage than others. Structures more 
liable to damage by hypoxia-ischemia are the hip- 
pocampus, the Purkinje cells of the cerebellum, the 
striatum, and the neocortex. Within these structures 
there is a further order of sensitivity among the dif- 
ferent cell types, as indicated in Table 3.1. Vogt and 



Table 3.1. Hierarchy of selective vulnerability to hypoxic-is- 
chemic conditions for different CNS structures 



Structure 


Hierarchy of vulnerability 


Hippocampus 


CAt > CA 4 > CA 3 > granule cells 


Cerebellum 


Purkinje cells > stellate or basket cells 




> granule cells > Golgi cells 


Striatum 


Small to medium-sized neurons 




> large neurons 


Neocortex 


Layers 3, 5, 6> layers 2, 4 



Vogt (1937) suggested the physico chemical proper- 
ties of specific neurons as the reason for the unequal 
vulnerability to disease and introduced the term 'top- 
istic areas.' The < pathoclisis > of a region is determined 
by specific chemical and physical properties, which 
are also the essence of the specific function of that 
region. Meyer (1936) stated that it was too simple to 
assume that only the physicochemical or local vascu- 
lar factors were involved, and that other factors 
should also be taken into consideration. Such factors, 
according to him, are the nature of the noxious agent, 
the 'porte d'entree,' the path of distribution, and de- 
velopmental factors. 

Meyer initiated a discussion about the pathophys- 
iology of the selective involvement of the basal gan- 
glia in some disorders. He drew attention to the selec- 
tive involvement of the globus pallidus in carbon 
monoxide intoxication (Fig. 3.1), which is more con- 
stant than the involvement of other structures, such 
as the pars compacta of the substantia nigra, cornu 
ammonis, Purkinje cell layer of the cerebellum, and 



Fig. 3.1 . Carbon monoxide intoxica- 
tion in a 42-year-old male patient. The 
T 2 -weighted images show the hyper- 
intense lesion in the globus pallidus 
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Fig. 3.2. Pyruvate dehydrogenase 
complex deficiency in an 8-year-old 
boy. The images depict selective 
involvement of the globus pallidus 
and the substantia nigra, the latter 
probably due to transsynaptic 
degeneration 




Fig. 3.3. Kernicterus in a 1 -week-old 
neonate. The upper row shows a 
proton density and a T 2 -weighted 
image at the level of the basal ganglia. 
The lower row shows a FLAIR and 
a T r weighted image at the same 
level. The images show the typical 
involvement of the globus pallidus 
and the pulvinar.The globus pallidus 
lesions are hardly seen on theT 2 - 
weighted image, but theT 2 -weighted 
image shows the abnormal signal of 
the pulvinar more clearly than the 
other images. It is not completely clear 
why the globus pallidus has a high 
signal on theT r weighted image 



cerebral white matter. However, the globus pallidus 
may also be selectively involved in respiratory failure, 
mitochondrial defects (Fig. 3.2), kernicterus (Fig. 3.3), 
and intoxications with ether, potassium cyanide, and 
dinitrobenzol (leading to methemoglobinemia). 
Meyer, who was well aware of the differences of these 
conditions, suggested the common factor responsible 
for the involvement of the globus pallidus was inter- 
ference with oxygen transport by either severe hypox- 
ia or anemia or 'inhibition of the respiratory en- 



zymes/ showing that awareness of something like the 
mitochondrial system already existed. 

This discussion was renewed recently by Johnston 
and Hoon (1999), who compared three conditions in 
children: pyruvate dehydrogenase complex deficien- 
cy with a Leigh-like presentation and lesions in the 
basal ganglia (Fig. 3.2); kernicterus with abnormali- 
ties prominently involving the globus pallidus but 
also involving the nucleus subthalamicus (Fig. 3.3); 
and posthypoxic-ischemic encephalopathy caused by 
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Fig. 3.4. T 2 -weighted series depicting 
the late pattern of acute profound 
ischemia in a term neonate.There is 
a triangular gliosis in the perirolandic 
white matter, with focal ulegyria of the 
cortex. In addition, there are lesions 
in the dorsal part of the putamen, 
the ventrolateral part of the thalamus, 
and the dentate nucleus 




acute profound asphyxia in a term neonate with basal 
ganglia abnormalities typically located in the dorsal 
part of the putamen and the ventrolateral part of the 
thalamus (Fig. 3.4). The authors try to explain the dif- 
ference in location of the lesion by arguing that the 
neuronal circuit involved in asphyxia is different from 
that involved in mitochondrial disorders and kern- 
icterus. They suggest that bilirubin toxicity is affect- 
ing mitochondria in the globus pallidus, in this way 
providing a link with mitochondrial respiratory chain 
disorders. They reason that, on the other hand, gluta- 
mate toxicity in particular affects the putamen, thala- 
mus, and cerebral cortex in hypoxic-ischemic condi- 
tions. 

In an earlier edition of this book (1995) we made 
the same observation as Johnston and Hoon in 1999: 
carbon monoxide intoxication affects the globus pal- 
lidus preferentially and most consistently, whereas 
hypoxia in cases of near-drowning or strangulation 
preferentially involves the putamen and caudate nu- 
cleus (Figs. 3.5, 3.6), layers 3, 5 and 6 of the cerebral 
cortex, and Purkinje cells in the cerebellar cortex. In 
carbon monoxide intoxication we assumed a mito- 
chondrially mediated effect on the globus pallidus. 
However, our hypotheses are apparently too simple, 
and important details of the pathophysiology of the 
development of brain lesions elude our understand- 



ing. It is a fact, for instance, that in inherited mito- 
chondrial encephalopathies with cellular energy fail- 
ure the putamen and caudate nucleus are usually 
preferentially affected and not the globus pallidus 
(Fig. 3.7). With this observation, it is questionable 
whether the preferential involvement of the globus 
pallidus in carbon monoxide intoxications can be 
blamed on mitochondrial dysfunction. 

It is clear that hypoxia-ischemia, some toxic sub- 
stances, some metabolites increased to toxic levels in 
inborn errors of metabolism, hypoglycemia, and 
some nutritional deficiencies (e.g. thiamine deficien- 
cy) all interfere with mitochondrial function. In more 
general terms, regardless of its cause, energy deple- 
tion will lead to failure of mitochondrial oxidative 
phosphorylation, ATP depletion, accumulation of glu- 
tamate and other excitatory amino acids, opening of 
ion channels, accumulation of Ca 2+ in the cell, activa- 
tion of polyunsaturated fatty acid cascades and, final- 
ly, cell death. It would be logical if all forms of cerebral 
energy failure, either caused by hypoxia-ischemia, 
hypoglycemia, primary mitochondrial dysfunction 
or deficiencies, intoxications and inborn errors of 
metabolism mediated through mitochondrial dys- 
function, would lead to selective involvement of the 
same brain structures. This, however, is not true. It is 
correct that sometimes the pattern of abnormalities 
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Fig. 3.5. A 3-year-old boy suffered 
near-drowning and prolonged 
attempts at resuscitation. Not only 
the striatum is involved, but also the 
globus pallidus, the thalamus, the 
hippocampus, and tracts in the brain 
stem. In addition, cortical laminar 
necrosis is seen in the higher slices 




Fig. 3.6. A young woman has been 
anoxic for at least 3 min during resus- 
citation. The FLAIR images show 
that the lesions are confined to 
the striatum 




Fig. 3.7. Leigh syndrome in an 
8-month-old boy, caused by the 
Leigh/NARP mutation with a high 
percentage of heteroplasmy.There 
are lesions in the putamen and 
caudate nucleus 
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Fig. 3.8. Leigh syndrome related to a 
complex I deficiency in a 3-year-old 
boy.The MR pattern shows symmetri- 
cal lesions in the wall of the third ven- 
tricle, the dorsal part of the midbrain, 
and the dentate nucleus.The mamillary 
bodies are not affected 




Fig. 3.9. Pattern of thiamine deficien- 
cy, which is very similar to that of Leigh 
syndrome (cf. Fig. 3.8). An important 
difference is that in thiamine deficien- 
cy the mamillary bodies are involved in 
most cases, whereas in Leigh syndrome 
they are not 




in Leigh syndrome (Fig. 3.8) and the pattern of thi- 
amine deficiency (Fig. 3.9) are very similar, although 
the lesions in the mamillary bodies, typical for thi- 
amine deficiency, are consistently lacking in Leigh 
syndrome, but most different causes of energy failure 
lead to very different patterns of abnormalities 
(Figs. 3.1, 3.2, 3.4-3.13). The biochemical explanation 
for the differences in selectively involved structures is 
unclear, and apparently our present models are too 
simplistic. 



Apart from mitochondrially mediated disorders, 
other conditions may involve the basal ganglia pre- 
dominantly or selectively. This is the case in many 
inborn errors of metabolism other than mitochon- 
driopathies, in hepatic failure (Fig. 3.14), and in clas- 
sic Creutzfeldt- Jakob disease (Fig. 3.15). The explana- 
tions must be different from those so far proposed. 

In glutaric aciduria type I there is typically in- 
volvement of the putamen and caudate nucleus, but 
not of the cortical layers and Purkinje cells. The neo- 
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Fig. 3.10. Typical involvement of the 
parieto-occipital region in a neonate 
with hypoglycemia; in the worst cases 
this leads to multicystic encephalo- 
pathy restricted to this region. Selec- 
tive vulnerability of this region for 
hypoglycemia disappears with age, 
indicating the influence of morpho- 
logic and biochemical maturation of 
the brain on the pattern of resulting 
damage 
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Fig. 3.11. Series of T 2 -weighted 
images showing the classic triad 
of late sequelae of recurrent or pro- 
longed partial hypoxia-ischemia in 
a preterm neonate: periventricular 
leukomalacia. There is a periventri- 
cular rim of signal abnormality;the 
ventricles have an irregular border, 
especially in the trigonum and occipi- 
tal horns; and there is loss of white 
matter volume, the sulci in the pari- 
eto-occipital region abutting the 
ventricular walls 



striatal dysfunction and degeneration in glutaric 
aciduria type I was demonstrated to be at least partly 
related to N-methyl-D-aspartate receptor-mediated 
neurotoxicity of the endogenously accumulating 
3-hydroxyglutarate (Kolker et al. 2002). 

In methylmalonic academia, as in carbon monox- 
ide intoxication, there is preferential involvement of 
the globus pallidus. In this disease the selective lesion 
is due to accumulation of methylmalonate and alter- 



native metabolites. Methylmalonate has been impli- 
cated in inhibition of respiratory chain complex II, 
and it also inhibits the tricarboxylic cycle (Okun et al, 
2002). 

Preference for the (neo) striatum in Creutzfeldt- 
Jakob disease is partly due to the local severe loss of 
parvalbumin-positive GABA-ergic inhibitory neu- 
rons. As in patients with liver failure and hepato- 
cerebral syndromes, the striatum has a high signal 
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Fig. 3.1 2. In Kearns-Sayre syndrome, 
the subcortical white matter and 
the globus pallidus are preferentially 
affected 




Fig. 3.13. In mitochondrial 
encephalopathy with lactic acidosis 
and stroke-like episodes (MELAS) 
the lesions have an infarct-like 
appearance on MR images, as shown 
on these transverse FLAIR images in 
a 9-year-old girl, but do not, as a rule, 
respect vascular territories. (Courtesy 
of Dr. M. Heitbrink and Dr. B. Wiarda, 
Department of Radiology, Medical 
Center Alkmaar,The Netherlands) 




Fig. 3.14. IR images of a 3-year-old 
boy with hepatic failure, showing the 
effects of T] shortening of the basal 
ganglia. Because of theT] shortening, 
the basal ganglia can no longer be 
distinguished from the surrounding 
white matter 




intensity on both T r and T 2 -weighted images. In 
Creutzfeldt- Jakob disease this could be related to a 
higher concentration of manganese (Guentchev et al. 
1999). 

In intoxications with methylene dioxymetham- 
phetamine (MDMA, or 'ecstasy') the lesions in the 
globus pallidus are due to severe brain dopaminergic 
neurotoxicity combined with less severe serotonergic 
neurotoxicity (Reneman 2001; Ricaurte et al. 2002). 



Scholz (1953, 1963) stated that under specific 
pathophysiological conditions focal ischemic brain 
injury could be attributed to peculiarities of the vas- 
cular anatomy, while in other conditions the pattern 
of brain damage could only be explained by the 
unique properties of the cells themselves. One of the 
most important observations he made was the influ- 
ence of the nature of the insult on the resulting dam- 
age to the CNS. In acute obstruction of cerebral ves- 
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Fig. 3.15. Involvement of the basal 
ganglia is seen in sporadic 'classic' 
Creutzfeldt-Jakob disease. The puta- 
men and caudate nucleus have a high 
signal on theT 2 -weighted image, 
whereas the globus pallidus has a 
high signal on theT r weighted image 




Fig. 3.16. In progressive multifocal 
leukoencephalopathy the white 
matter is predominantly involved, 
to a much greater extent than the 
gray matter. This results in a sharp 
demarcation of white from gray 
matter when the lesion abuts the 
cortex, as shown in these images 



sels, he found experimentally that "the cerebral and 
cerebellar cortical layers, especially the Purkinje cells, 
were destroyed, whereas the shorter the duration of 
ischemia the greater the possibility for selection to 
take place and for the innate characteristics of the 
structures to be expressed in a special pattern of mor- 
phological alterations." This, in fact, also seems to be 
true for other conditions, such as toxic encephalo- 
pathies and inherited metabolic disorders. 

We could add that the "innate characteristics" 
mentioned by Scholz should not be seen as a static 
concept, but rather as a condition that is the product 
of genetic endowment, stage of development, interac- 
tion with other structures in neuronal functional cir- 
cuits, and dependence on their functional activity 
and the local condition at the time of the insult. 

There are several pathophysiological mechanisms 
that help to explain selective vulnerability of certain 
brain areas relative to others: 

1. Level of activity is an important factor in selective 
vulnerability. Energy depletion by hypoxia-is- 
chemia, toxic influences, and metabolic derange- 
ments will have the greatest effect on structures 
with the highest oxygen demand and chemical 
turnover. Gray matter in adults has a higher level 



of activity than white matter and will as a rule be 
damaged first and most severely. In infants, active- 
ly myelinating zones have a high activity and are, 
therefore, liable to damage. In term neonates with 
acute profound asphyxia, lesions can be seen in 
primary myelinating zones in the cerebral cortex, 
subcortical tracts, and basal ganglia (Fig. 3.4). 
2. Specific chemical affinity contributes to selective 
vulnerability. It has been known for a long time 
that certain areas in the brain are especially liable 
to damage by certain toxic agents. Hexachloro- 
phene intoxication involves myelin sheaths exclu- 
sively. Hexachlorophene encephalopathy, induced 
in preterm neonates by washing them for antisep- 
tic reasons with hexachlorophene-containing so- 
lutions, causes a myelinopathy with splitting of the 
myelin lamellae and intramyelinic vacuole forma- 
tion. Vacuolating myelinopathy in the neonate 
always has a special distribution, irrespective of its 
cause, related to the distribution of myelinated 
versus unmyelinated areas. A clear example is 
found in maple syrup urine disease. Intoxication 
with triethyltin, cuprizone, toxic heroin, or poi- 
soned cocaine also leads to myelin splitting and 
vacuolation. Furthermore, lipophilic substances 
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generally accumulate preferentially in myelin. Or- 
ganic solvents such as are used by painters lead to 
irregular, patchy demyelination and can cause so- 
called house-painter's dementia or an organic 
psychiatric syndrome. Demyelination, loss of 
gray- white matter distinction, and signal changes 
in the basal ganglia have been described in 
toluene sniffers. Heavy metal poisoning also 
shows selective affinity for certain brain regions, 
as seen for example in Wilson disease (neostria- 
tum, mesencephalon, dentatorubral tracts, nucle- 
us dentatus), lead encephalopathy (cerebellar 
white matter in adults, cortical neurons in infants 
and children), and mercury poisoning in Minama- 
ta disease (occipital and parietal cortex). 

3. Accumulation and/or deficiency of substances 
have different effects on different areas of the 
brain. In inborn errors of metabolism, the selec- 
tion of primary targets and the pattern of spread 
of the lesions may be influenced by these factors. 
Differences in selective vulnerability may be ex- 
plained by differences in residual activity of en- 
zymes in the various cells, in importance of the 
enzyme function missing, in effects of the accu- 
mulation of abnormal breakdown compounds 
(psychosine in Krabbe disease), in sensitivity to 
lack of substances that are not formed, and pres- 
ence of other factors within the cell with synergis- 
tic or antagonistic effects. It is often very difficult, 
if not impossible, to define the factors responsible 
for well-known patterns of selective involvement 
in inborn errors of metabolism. Shortage of di- 
etary nutrients may also lead to selective damage. 
Malnutrition of infants in the 1st year of life leads 
to delayed myelination. Cobalamin deficiency in 
subacute combined tract degeneration leads to in- 
volvement of specific areas in the brain and spinal 
cord. 

4. Patterns of selective vulnerability may be related 
to distribution of neurotransmitter systems. In 
some inborn errors of metabolism, some neu- 
rodegenerative disorders and some toxic-meta- 
bolic encephalopathies, selective vulnerability 
may result from interference with a neurotrans- 
mitter system. For instance, inborn errors of 
GABA metabolism have been described that lead 
to dysfunction of structures in which GABA- 
ergic neurotransmission is important. In Segawa 
syndrome, hereditary progressive dystonia 
with marked diurnal variation, disturbances of 
dopaminergic neurotransmission cause nigrostri- 
atal dysfunction. In hyperammonemia, impair- 
ment of the neurotransmission by glutamate oc- 
curs. 

5. The density of synapses for excitatory amino acids 
determines the sensitivity to adverse effects of 
these substances. Excitotoxicity due to overstimu- 



lation by excess excitatory amino acids (glutamate 
and aspartate) has recently been recognized as a 
final common pathway for inflicting injury upon 
the CNS. Many conditions can lead to an abnormal 
accumulation of excitatory amino acids. The pref- 
erential distribution of lesions by this mechanism 
will basically be in areas with the highest density 
of related receptors. 

6. The density of mitochondria and varying percent- 
ages of mutated mitochondrial DNA have been 
suggested as explanations for the selective in- 
volvement of CNS structures in mitochondrial en- 
cephalopathies. Some reports have linked the per- 
centage of mutated mitochondrial DNA in the 
basal ganglia in MELAS to local levels of lactate in 
MRS (Dubeau et al. 2000). 

7. Antigen-antibody reactions may be at the root of 
selective CNS lesions. This is the case in a number 
of the paraneoplastic and parainfectious lesions 
of the brain. Antibodies against tumor antigens 
may, for example, cross-react with similar anti- 
bodies on Purkinje cells. Paraneoplastic CNS dis- 
orders such as limbic encephalitis and brain stem 
encephalitis may be caused by this mechanism. In 
parainfectious disorders, for example those relat- 
ed to Mycoplasma pneumoniae infections, the 
same mechanism may play a part and lead to 
myelin damage in patients with acute disseminat- 
ed encephalomyelitis. 

8. Bacterial, viral, or fungal infection may involve 
specific structures in the brain. For example, pro- 
gressive multifocal leukencephalitis is an infec- 
tion of the oligodendrocyte, and thus predomi- 
nantly involves white matter (Fig. 3.16). In other 
disorders the porte d'entree may be responsible 
for the localization of the lesion, e.g., in herpes 
simplex encephalitis (Fig. 3.17). 

9. Hyper- or hypo-osmolar conditions may cause 
white matter lesions in specific brain areas. In 
sodium intoxication in infants, unmyelinated ar- 
eas appear to be most severely involved, probably 
because of the lower 'resistance' to the shifts of 
water. In central pontine myelinolysis the central 
part of the pons is mainly involved, for unknown 
reasons. 

10. Another important factor is the nature (severity, 
duration, recurrence) of the noxious event. This 
can be seen in neonates with perinatal asphyxia. 
The pattern of brain damage in chronic or recur- 
rent partial hypoxia-ischemia is very different 
from the pattern observed in acute profound 
hypoxia-ischemia. Whereas the first leads to 
periventricular leukomalacia (Fig. 3.11), the sec- 
ond leads mainly to lesions in the basal ganglia, 
thalamus, and perirolandic cortex (Fig. 3.4). 

11. Trans-synaptic degeneration illustrates that the 
function of the brain depends on functional cir- 
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Fig. 3.17. Predominant but not 
exclusive involvement of temporal 
lobes is seen in herpes simplex infec- 
tions, shown here in a FLAIR and a 
"^-weighted image with contrast 
{upper row) and two trace diffusion- 
weighted images (b=1000) {lower 
row). The ADC values in the affected 
areas are low (-40% relative to 
normal appearing tissue) 



cuits, so that damage to one part of the circuit in- 
fluences function, and possibly the structure of 
other parts of the circuit. This was established 
long time ago by Guillain and Mollaret for hyper- 
trophic olivary degeneration. The Guillain -Mol- 
laret triangle consists of the connections of three 
nuclei: nucleus ruber, nucleus dentatus, and nu- 
cleus olivary inferior. Disruption of this circuit 
by trauma, tumor, or surgery leads to lesions in 
the inferior olivary nucleus. It is important to rec- 
ognize this as a product of trans-synaptic degen- 
eration, and not, in tumor cases, as recurrent or 
multifocal tumor. Another example is substantia 
nigra degeneration secondary to lesions in the 
globus pallidus or secondary lesions in the limbic 
system when one part is affected (Fig. 3.2). 
12. In neonates and infants the developmental stage 
is also of great importance in determination of 
which areas will be affected by a noxious agent. 
The patterns of hypoxic-ischemic lesions in 
preterm and term neonates are well described 
and show the changes in vulnerability, which de- 
pend on developmental factors. Another example 
is found in several neuronal storage disorders, 
such as GMx gangliosidosis, GM 2 gangliosidis 
and neuronal ceroid lipofuscinosis. It is only in 
the early- infantile onset variants that the cerebral 



white matter is involved, probably due to a com- 
bination of hypomyelination and white matter 
degeneration. These diseases primarily involve 
neurons and axons, and later onset variants lead 
to degeneration of gray matter structures only. 
However, if the disease has its onset before com- 
pletion of myelination, the white matter of the 
CNS is also severely affected. It may be that the 
complex process of myelin deposition, which re- 
quires joint activity and cross-talk of oligoden- 
drocytes, axons, and astrocytes, is disturbed be- 
cause of axonal abnormalities. We found evi- 
dence for apoptosis of oligodendrocytes in infan- 
tile GMx gangliosidosis, and this may be the 
primary problem, but it may also be that this is 
the consequence of the failed collaboration and 
subsequently in itself a cause for further myelin 
loss. 

Understanding mechanisms of selective vulnerability 
contributes to the understanding of patterns of cere- 
bral involvement as shown by MRI. On the other 
hand, MRI gives us insight into patterns of selective 
vulnerability and into what we understand about 
them and what we do not. In disorders of quite differ- 
ent origins, some final common pathways may 
explain similarities in image abnormalities. On the 
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Fig. 3.18. Urea cycle disorder and 
encephalopathy related to a metabolic 
decompensation with hyper- 
ammonemia in a 6-year-old boy. 
Images show asymmetrical infarct-like 
lesions involving the frontal lobes, 
predominantly affecting the left hemi- 
sphere. The distribution of the lesions 
does not correspond to a vascular terri- 
tory, and the lesions differ in some 
aspects from those seen in infarctions, 
especially with respect to the cortical 
involvement 




other hand, even in disorders that have rather obvious 
similarities as far as pathogenesis is concerned, strik- 
ing differences in image abnormalities are sometimes 
observed, indicating the inadequacy of our present 
understanding of pathogenetic and pathoplastic 
mechanisms. 

An illustration of this inadequacy is provided by 
the involvement of cerebral structures in hyperam- 
monemia. Impaired function of the urea cycle en- 
zymes leads to hyperammonemia and raised concen- 
trations of glutamine in the brain. Hyperammonemia 
can also be caused by hepatic failure of quite different 
origins (acquired, other inborn errors of metabolism) 
and still leads to an encephalopathy. MRS has re- 
vealed high concentrations of glutamine in the brain 
in hyperammonemia, irrespective of its origin. On the 
basis of similarities in the pathogenesis of en- 
cephalopathy in these disorders, a similar clinical pic- 
ture and similar MR images might be expected. How- 
ever, the expressions of these disorders, clinically and 
on MRI, are very different. In urea cycle disorders, 
large cerebral lesions involving cortex and white 
matter are seen, with asymmetrical distribution and 
asymmetrical neurological signs and symptoms 
(Fig. 3.18). In encephalopathy due to hepatic failure 
related to an acquired disease, brain involvement and 
neurological symptomatology are symmetrical. MRI 
shows a symmetrical T x shortening of the basal gan- 
glia, including globus pallidus, putamen, caudate nu- 
cleus and other central gray matter structures 
(Fig. 3.14). This means that other factors in addition 
to hyperammonemia must be involved. 

Selective vulnerability, and thus MRI pattern 
recognition, is not a static concept; it also refers to dy- 
namic changes. It has become clearer with MRI than 
it ever was with neuropathology that among the white 
matter disorders there are great differences in early 
involvement of brain structures and spread in the 
course of time. In the lysosomal storage disorders in- 
volving the white matter, especially the sphingolipi- 
doses, the temporal progression is remarkably con- 



stant: the central white matter is involved first, includ- 
ing periventricular white matter and corpus callo- 
sum, and the demyelination proceeds centrifugally 
from there. The arcuate fibers are the last to be in- 
volved. An explanation proposed for this feature is 
that in these disorders abnormal substances accumu- 
late in membranes, leading to a progressively altered 
myelin composition and progressively unstable 
myelin membrane that is liable to breakdown. As the 
arcuate fibers are the last to myelinate they contain 
the youngest myelin, which is altered least. However, 
some amino acidopathies and organic acidopathies 
primarily involve the arcuate fibers and the demyeli- 
nation progresses in a centripetal way. It is obvious 
that the biochemical abnormalities and interactions 
are completely different in the latter disorders than in 
lysosomal disorders: interference with energy metab- 
olism, lack of normal myelin components, and pres- 
ence of toxic metabolites are important in amino aci- 
dopathies and organic acidopathies. However, it is 
still difficult to explain why the arcuate fibers are first 
affected. MRI shows an involvement of the periven- 
tricular white matter in the occipital lobe and the 
splenium of the corpus callosum in the early phases 
of most patients with the cerebral form of X-linked 
adrenoleukodystrophy. The disease spreads in a 
frontal direction. The reason for this occipital prefer- 
ence is unclear. It is noteworthy that in about 10% of 
patients with cerebral X-linked adrenoleukodystro- 
phy the pattern is reversed, starting in the frontal 
lobes and the genu of the corpus callosum and pro- 
gressing towards the dorsal parts of the brain. The 
reason for the frontal predominance in these patients 
is even less clear. The cerebral involvement in X- 
linked adrenoleukodystrophy tends to be symmetri- 
cal, as in the lysosomal disorders, but there are excep- 
tions in which one side of the brain is far more severe- 
ly involved than the other. It would be worth knowing 
whether the areas primarily involved are more vul- 
nerable to the disease (and if so, why?) or whether the 
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areas that are primarily spared are more resistant to 
the process (and if so, why?). 

Symmetry of cerebral involvement can be expect- 
ed to be a general rule in inborn errors of metabo- 
lism, toxic encephalopathies, and neurodegenerative 
disorders, as toxic influences, genetic factors, and de- 
ficiencies of essential substances are thought to be 
similar for the left and right sides of the brain. In a 
number of disorders, however, asymmetrical involve- 
ment is the rule. An example is found once more in 
urea cycle disorders. In all urea cycle disorders, meta- 
bolic derangement is characterized by the accumula- 
tion of urea precursors, notably ammonium, and by 
increased glutamine in the brain. During episodes of 
metabolic derangement focal brain lesions occur, 
which are seen on MRI to be strikingly asymmetrical 
(Fig. 3.18). The large lesions can involve an entire 
hemisphere or a large part of it. Such an MRI pattern 
may be misinterpreted as an infarction, because the 
distribution of the lesion may suggest the involve- 
ment of one or more vascular territories. The MRI 
characteristics of the lesion, however, are different 
from those of infarctions, even though both show low 
signal intensities on T x -weighted images and high 
signal intensities on T 2 -weighted images. These dif- 
ferences can be described by the way in which gray 
and white matter are simultaneously involved, the 
way in which the whole affected area is swollen and 
demarcated from the rest of the brain, the slightly in- 
homogeneous change in signal intensity, and the of- 
ten 'unusual' vascular territory that is occupied by the 



lesion. The lesions in urea cycle disorders are not me- 
diated by vascular changes, but are probably the result 
of a direct toxic effect in the involved area, mediated 
by the presence of elevated levels of glutamine. The 
asymmetrical and focal nature of the lesions is how- 
ever unexplained, however. Another well-known ex- 
ample of asymmetry is found in MELAS, a mitochon- 
drial disorder. The lesion usually has a cortical pre- 
dominance and is restricted to one part of the brain, 
again simulating an infarction (Fig. 3.13). However, 
the lesion is not located in a vascular territory or a 
border zone area. Here too, there is no explanation for 
the asymmetry. 

The basis of this book is the recognition of MR pat- 
terns that allow differentiation between disease cate- 
gories and between disease entities. Knowledge of 
which structures are selectively damaged by a specif- 
ic disease lies at the basis of this approach. MRI has an 
edge on histopathology, because it gives us the privi- 
lege of seeing patterns in an early stage of disease and 
allows us to follow their development. This has not 
only helped in pattern recognition of classified disor- 
ders, but also helped us to recognize unfamiliar pat- 
terns and to define new entities. 

In all the chapters concerning specific disorders, 
one section is devoted to the description of MRI pat- 
terns of that specific disorder; another section is de- 
voted to the description of pathogenetic mechanisms. 
As far as possible, these two will be linked. A separate 
chapter will deal with the principles of MRI pattern 
recognition. 



Chapter 4 

Myelination and Retarded Myelination 



4.1 Myelination 

It was Flechsig (1920) who originally put forward the 
view that the degree of myelination of the CNS might 
be correlated with functional capacity. In his theory 
he stated that myelination started in projection path- 
ways before association pathways, in peripheral 
nerves before central pathways, and in sensory areas 
before motor ones. Although he modified his theory 
slightly in response to his critics, he continued to 
maintain that fibers always myelinated in the same 
order: first the afferent (sensory), then the efferent 
(motor), then the association fibers. 

The histological study of fetal development has 
confirmed that myelination proceeds systematically 
and, in nerve pathways with several neurons, in the 
order of conduction of the impulse. The first signs of 
myelination appear in the column of Burdach at the 
gestational age (GA) of 16 weeks, becoming stronger 
from the 24th week onward. The column of Goll starts 
to myelinate at 23 weeks of gestation. Cerebellar tracts 
start to myelinate at about 20 weeks of gestation, and 
the amount of myelin at birth is considerable. Pyra- 
midal tracts start to myelinate at 36 weeks at the level 
of the pons, but at birth the amount of myelin is still 
small. In other tracts, for example, the rubrospinal 
tracts, the pattern of the pyramidal tract is followed. 
In a term neonate at a GA of 40 weeks myelin stains 
reveal myelin in the medulla oblongata, in the central 
parts of the cerebellar white matter, in the cerebellar 
peduncles and the vermis, in the medial lemniscus 
and fasciculus medialis longitudinalis in the pons and 
mesencephalon, in the posterior limb of the internal 
capsule, spreading into the globus pallidus and thala- 
mus and, in the thalamocortical connections in the 
centrum semiovale, upwards to the parasagittal parts 
of the postcentral gyrus and backwards into the optic 
radiation. Paul Flechsig's lithographs (1920) demon- 
strate this myelination pattern beautifully (Fig. 4.1). 
Several authors, including Keene and Hewer (1931) 
and Yakovlev and Lecours (1967), have published dia- 
grams of the progress of myelination (Fig. 4.2). 

MRI is unique in making it possible to visualize the 
progress of myelination in vivo in astonishing detail. 
It is now possible to describe the state of myelination 
in preterm and term neonates in detail and to follow 
this process through up to full maturation. 

In the preterm child with a GA of less than 
30 weeks the following structures show myelination: 



cerebellar vermis, inferior cerebellar peduncles, vesti- 
bular nuclei, superior cerebellar peduncles and their 
decussation, dentate nucleus, medial longitudinal fas- 
ciculus, medial geniculate bodies, subthalamic nuclei, 
inferior olivary nuclei and ventrolateral nuclei of 
thalamus. Myelin can also be seen in the fasciculus 
gracilis and cuneatus and in their nuclei (Counsell et 
al. 2002; Sie et al. 1997). 

In the period between 30 and 36 weeks of gestation 
the quantity of myelin in the aforementioned struc- 
tures increases, but from weeks 30-36 of gestation no 
myelin is seen in any new sites on MRI. This is not in 
agreement with histological descriptions of the 
myelin process. Reasons for this are the lower sensi- 
tivity of MRI to small quantities of myelin, also the 
reason for a time-lag in myelination timetables be- 
tween histology and MRI, and the higher spatial res- 
olution of histological methods. At a GA of 36 weeks 
evidence of the presence of myelin appears on T r 
weighted images in the posterior limb of the internal 
capsules (with higher intensity in the area of the cor- 
ticospinal tracts) and in the tracts from and to the 
precentral and postcentral gyri in the corona radiata. 
In the period between 37 and 42 weeks of gestation 
myelination of these tracts also becomes visible on 
T 2 -weighted images. At this time myelination is visi- 
ble in the tegmentum pontis but not in the basis pon- 
tis. Myelin now also appears in the lateral geniculate 
bodies and in the optic tracts, chiasm, and nerves. The 
myelin density in the basal ganglia and corticospinal 
tracts increases, and myelin shows up in the optic ra- 
diation. 

During the 1st month after birth, myelination pro- 
gresses rapidly. It becomes more prominent in the ar- 
eas mentioned above. The pattern of myelin presence 
in the cerebellum changes (see below). On T weight- 
ed MR images myelin becomes visible in the rest of 
the striatum and caudate nucleus. Myelin in the optic 
pathways becomes more prominent, and myelin is al- 
so present in cortical layers of the primary motor and 
sensory cortex and in the hippocampus and parahip- 
pocampal gyrus. With increasing myelination in the 
occipital and parietal lobes, the splenium of the cor- 
pus callosum starts to myelinate. From the 3rd or 4th 
month onward myelination proceeds in the frontal 
direction, and from the 4th to 5th month onward, 
also in the temporal direction. The anterior limb of 
the internal capsule shows myelination from the 3rd 
to 4th month onward, proceeding in the 5th month to- 
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Fig. 4.1. Lithograph in left upper row 
is reproduced from work of Paul 
Flechsig (1920), who used refined 
histological techniques to depict 
ongoing myelination in the brain. 
Progress of myelination of a young 
infant is presented here. Note that 
myelin {dark in the image) is already 
circling around the temporal horn to 
reach the hippocampus and parahip- 
pocampal gyrus. Also note myelina- 
tion of the auditory pathway in the 
superior temporal gyrus.The two 
T 2 -weighted coronal MR images show 
the same features in vivo. Myelination 
in this case is somewhat further 
advanced than on the lithograph, 
already spreading towards the 
parietal U fibers 



wards the genu of the corpus callosum. At 6 months 
myelination starts to spread in the frontal lobes, and 
on the Tx -weighted images the pattern of myelination 
is seen to be more or less complete at about 8 months. 
The corpus callosum reflects the myelination of the 
parts it connects. T r weighted images show myelin in 
the splenium at 3 months and in the genu at about 
6 months of age; T 2 -weighted images show this 
4-6 weeks later. 

It should be clear that we are describing 'apparent* 
myelination, i.e. myelination as it appears on T r or 
T 2 -weighted images, which is dependent on pulse se- 
quences and field strength. The apparent progress in 
myelination on T 2 -weighted images lags behind that 
seen on T r weighted images. Because of this, myelina- 



tion can be followed for much longer on T 2 -weighted 
than on T r weighted images. On T 2 -weighted images 
myelination does not reach the arcuate fibers in the 
frontal and temporal areas before the 12th- 14th and 
14th- 18th months, respectively. 

Myelination is not an all-or-none process. Myeli- 
nated white matter gradually replaces the unmyeli- 
nated white matter. In T 2 -weighted series unmyelinat- 
ed white matter has higher signal intensity than gray 
matter. With ongoing myelination, white matter 
becomes darker, and eventually it can no longer be 
differentiated from gray matter. This transition or 
'cross-over' period is reached in the parietal and 
occipital areas between 8 and 10 months after birth. 
After this period myelinated white matter has lower 
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Fig. 4.2. Classic diagram of progression of 
myelination as conceived by Yakovlev and 
Lecours. Most of the structures mentioned 
can also be made visible on MRI. Appearance 
of myelination on MR images is 1 or 2 weeks 
behind this schedule with conventional MR 
techniques. From Yakovlev and Lecours 
(1967), with permission 
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signal intensity than gray matter on T 2 -weighted 
images in this region. The frontal and temporal lobes 
show this cross-over at 12-14 and 14-18 months, 
respectively. T r weighted images show the same re- 
versal in signal as the T 2 -weighted images, but in the 
reverse direction. Unmyelinated white matter has a 
lower signal than gray matter, whereas myelinated 
white matter has a higher signal. Because of the pref- 
erential T r shortening effect of myelin, which exceeds 
the T 2 -shortening effect, the signal reversal on T r 
weighted images occurs weeks to months before it 
occurs on the T 2 -weighted images. This implies 
that there is a phase, for the cerebral hemispheric 
white matter mainly in the second half of the 1st year 
of life, in which white matter structures have a higher 
signal than gray matter on both T r and T 2 -weighted 
images. 



4.2 MRI Pulse Sequences 

T x -weighted spin echo (SE) or inversion recovery (IR) 
and T 2 -weighted SE sequences are complementary. In 
the first 6 months of life, T x -weighted images show to 
better advantage which areas contain myelin, while 
T 2 -weighted SE images, with the proper pulse se- 
quence, differentiate partially myelinated from non- 
myelinated and completely myelinated white matter 
more adequately. In MRI, pulse sequences should be 
chosen so that the contrast/noise ratio is as high as 
possible and the differences between tissues are max- 
imal. It is, therefore, useful to consider the T x and T 2 
values of gray matter and of unmyelinated and myeli- 
nated white matter in order to make an adequate 
choice. Holland et al. (1987) found that at a field 
strength of 0.35 T, T x of white matter is 1615±120 ms 
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(mean±standard deviation) at birth, 1150±60ms at 
6 months and 580±50 ms at 1 year; T 2 of white matter 
is 91 ±6 ms at birth, 64±6 ms at 6 months, 57 ±5 ms at 
lyear and 53±3ms at 3 years. For gray matter the 
corresponding T x measurements are 1590±60ms at 
birth, 1300±70ms at 6 months and 890±75ms at 
1 year, and the corresponding T 2 measurements 
88±8ms at birth, 67±7ms at 6 months, 69±3ms at 
1 year and 62±3 ms at 3 years. The changes observed 
with increasing age can be explained by a decreasing 
water content and increasing myelin content. Protons 
in the myelin membrane are less mobile, water con- 
tent is lower, and Ti and T 2 are, therefore, shorter in 
myelinated areas. 

A long TR, long TE sequence is advantageous to 
allow full benefit of the T 2 differences between gray 
matter, unmyelinated white matter and myelinated 
white matter and to minimize T x effects, which coun- 
teract the T 2 effects. We use a 3000/120 SE series, 
which shows unmyelinated white matter with high 
signal intensity, gray matter and partially myelinated 
white matter with intermediate signal intensity, and 
myelinated areas with low signal intensity. In our SE 
3000/120 series, the transition or > isointense > pattern 
between gray and white matter is reached in the pari- 
etal and occipital lobes in normal children by the age 
of 6-9 months. With a different pulse sequence, for in- 
stance SE 2000/80, this transition phase may be 
7-12 months. Because of the heavier T 2 -weighting in 
our series, the T 2 -decay trajectories traverse each 
other at a somewhat steeper angle and the transition 
period is, therefore, more clearly marked and of 
shorter duration. 

Fast or turbo spin echo (FSE or TSE) sequences are 
time-saving procedures and are frequently used in 
imaging of neonates and infants, but they have impor- 
tant disadvantages. Instead of one 'projection' or line 
in the k-space (the virtual spatial frequency space 
from where the image is reconstructed by Fourier 
transformation), FSE sequences generate multiple 
spin echoes from a single RF excitation, which are 
close enough together (echo spacing in the order of 
15 ms) to provide multiple 'projections' or lines in the 
k-space. Imaging time is shortened by a factor of the 
number of echoes collected in the train. SEs are, 
therefore, acquired at slightly different TEs, which 
will affect the resulting image. The repetition of refo- 
cusing 180° pulses improves local magnetic homo- 
geneity, thus diminishing magnetic susceptibility ef- 
fects. On FSE and TSE images hemorrhages and calci- 
fications will consequently be less conspicuous. Be- 
cause of the short time interval between refocusing 
pulses, the apparent T 2 of adipose tissue becomes 
longer and the fat signal will be less suppressed than 
on conventional T 2 -weighted SE images. Fat will, 
therefore, appear bright on heavily T 2 -weighted FSE 
images. Other factors influence FSE images. The mag- 



netization transfer component present in multislice 
conventional SE images is increased in FSE and influ- 
enced by the number of slices. From this it will be 
clear that MR images made with FSE sequences can- 
not be compared with conventional SE images. The 
influence of the FSE techniques on the estimation of 
the progress of myelination is probably negligible, but 
the influence on the depiction of disease conditions 
should be considered, especially when the abnormal- 
ities are subtle. In examination of neonates it is im- 
possible to be sure in advance whether abnormalities 
will be found. 

T r weighted SE or IR series are of great importance 
for following the spurt of myelination during the first 
6°months after birth. They demonstrate the progres- 
sion of myelination beautifully, but they are less reli- 
able than T 2 -weighted images for assessing the quan- 
tity of myelin deposited. The difference in T x between 
gray matter and unmyelinated white matter at birth 
gives the unmyelinated white matter a darker appear- 
ance than the cortex. With ongoing myelination the 
white matter will become brighter than the cortex. 
Between these structures, again, a cross-over or con- 
trast inversion takes place. In T r weighted images, 
however, this is a less striking event than in T 2 - 
weighted images. In premature neonates the unmyeli- 
nated white matter appears much darker than the rim 
of cortical gray matter. Even at 40°weeks of GA this 
difference is still present, although less marked. After 
that, the unmyelinated white matter rapidly changes 
its signal and becomes almost isointense with gray 
matter. The white matter structures in which myelin 
is advancing stand out as very bright and attract most 
attention in the assessment of myelination age. A 
comparison of T r and T 2 -weighted images makes it 
clear that the T x -weighted images are more sensitive 
indicators of the presence of myelin, even when it is 
present only in small amounts. Partially myelinated 
structures, which are isointense or even still mildly 
hyperintense relative to gray matter on T 2 -weighted 
images, are already white on T x -weighted images. The 
reason for the higher myelin sensitivity of T r than of 
T 2 -weighted images can be found in a number of fac- 
tors at the molecular level. The special structure of 
the myelin membrane with a lipid : protein ratio of 
70 : 30 (dry weight) and a cholesterol content of 30% 
is important. The construction of lipid layers separat- 
ed by a 40 -molecule thick layer of water, into which 
the hydrophilic phosphate polar groups of lipids and 
the cholesterol hydroxyls project, creates a unique 
lipid-water interfacial interaction seven times as in- 
tense as that at a typical protein-lipid interface. There 
is a field-dependent cross-relaxation between protons 
of myelin water and protons of myelin lipid, a phe- 
nomenon known as magnetization transfer. The ap- 
parent effect of these conditions is a shortening of T x 
induced by myelin, which is more pronounced than 
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would be expected to result from deposition of mem- 
branous structures alone. 

Fluid-attenuated inversion recovery (FLAIR) im- 
ages use a combination of an IR pulse with an inver- 
sion time chosen to suppress the water signal, fol- 
lowed by a heavily T 2 -weighted FSE. Because the 
water signal is suppressed, abnormalities will stand 
out clearly. FLAIR pulses are not very useful in the 
estimation of progress of myelination. The difference 
between gray, unmyelinated and myelinated white 
matter is much less on FLAIR images than on conven- 
tional T r and T 2 -weighted images. It is probably the 
suppression of the water signal in the water-rich envi- 
ronment of the neonatal brain that is responsible for 
this diminished contrast, since the disappearance of 
'free' water in the brain of neonates and its replace- 
ment by myelinated structures play a major part in 
the maturation process. 



4.3 Diffusion-weighted Imaging 
and Diffusion Tensor Imaging 

Diffusion-weighted imaging (DWI) and diffusion 
tensor imaging (DTI) use the microscopic movement 
of water molecules and the relative loss of phase of 
protons caused by this movement in different brain 
structures as a means of image contrast. Parameters 
that are frequently used are the apparent diffusion co- 
efficient (ADC) of tissues and the relative anisotropy 
of brain structures, usually expressed as fractional 
anisotropy (FA). 

The relative anisotropy is practically zero in gray 
matter in term-born neonates and in adults: diffusion 
in gray matter is isotropic. However, at a GA of 
26 weeks cortical anisotropy is not zero, because at 
that time the cortical cyto-architecture is dominated 
by radial glial fibers and radially oriented apical den- 
drites of the pyramidal cells. This structure is dis- 
rupted in time by the addition of basal dendrites and 
thalamocortical efferents. 

White matter ADC and FA depend on stage of mat- 
uration. During the early development of the brain 
ADC values are high, and they subsequently fall. This 
is because of the initial high water content and the 
subsequent overall decrease in water content together 
with the development of more densely packed struc- 
tures with a high density of membranes that hinder 
free water movement. FA is initially low and increases 
rapidly. The increase in FA can be observed even in 
the premyelination state. The increase in FA during 
early development is not only the result of the pro- 
gressing myelination; other contributing factors are 
the number of microtubule-associated proteins in ax- 
ons, axon caliber changes, and a significant increase 
in the number of glia. More densely packed structures 
have higher FA. Both ADC and FA can be displayed in 



Table 4.1 . Apparent diffusion coefficient {ADQ (x1 0~ 3 mm 2 /s) 
and fractional anisotropy {FA) (10 3 ) in term neonates 



Region 


ADC 


FA 


Frontal white matter 


1.62-1.73 


190-210 


Posterior limb internal capsule 


1.06-1.01 


410-500 


Occipital cortex 


1.15-1.20 


150-180 


Occipital white matter 


1.58-1.69 


330-370 


Corpus callosum 
Genu 
Splenium 


1.22-1.37 
1.17-1.32 




Thalamus 


1.23-1.08 




Mesencephalon (tegmentum) 


0.99-1.09 


420-480 


Pons, anterior 


1.13-1.27 




Pons, posterior 


0.94-1.06 





images. In contrast with ADC maps, FA images show 
excellent gray-white matter contrast. In clinical 
practice, estimation of ADC and FA of different brain 
structures makes it possible to quantitate the 
progress of brain maturation, including myelination, 
and to visualize the formation of white matter tracts. 
In addition, DWI offers anisotropic diffusion maps 
that can be displayed separately for each diffusion 
gradient direction or as an averaged ADC map, the 
so-called trace map. 

Measurements of ADC are available for different 
ages from the fetal period to adult age. ADC values 
decrease in between these points in time and develop- 
ment, from 1.50-1.95 x 10 -3 mm 2 /s for white matter in 
the fetal brain to about 0.87-0.95 x 10~ 3 mm 2 /s in the 
mature brain. Maturity in this respect is reached at 
the age of approximately 2 years. For the basal ganglia 
the corresponding data are, respectively, 1.56 x 10~ 3 
mm 2 /s and 0.79 x 10" 3 mm 2 /s. More detailed data are 
available for term neonates (see Table 4.1). ADC and 
FA values are different for different brain structures, 
depending on their structure and stage of develop- 
ment. 

ADC values decrease with ongoing maturation and 
FA values rise. This process is exponential. The de- 
crease in ADC and increase in FA are fast in the first 
3-6 months, followed by a slower further decrease 
and increase, respectively. White matter anisotropy 
increases over the next 6 months, leveling in the 2nd 
year of life. The numbers in Table 4.1 are only guide- 
lines. ADC and FA values reported from different cen- 
ters can differ substantially. Data given here are in the 
same order of magnitude as those reported by Neill et 
al.(1998). 

Detailed measurements of diffusion tensor charac- 
teristics related to brain maturation have been taken 
and have shown regional differences running parallel 
to the progress of myelination as seen on convention- 
al MR images (Mukherjee et al. 2002). Unfortunately, 
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Table 4.2. Magnetization transfer ratio (%) during develop- 


ment 




Projection fibers (pyramidal tracts) 


At 1 month 23-25% 




At 3 months 25-27% 




At 6 months 31-33% 




At 20 months 34-37% 


Association fibers 


At 1 month 19-21% 




At 3 months 22-25% 




At 6 months 28-30% 




At 20 months 29-33% 


Commissural fibers 


At 1 month 23-24% 




At 3 months 24-25% 




At 6 months 29-33% 




At 20 months 34-37% 



Table 4.3. Signal intensity of central white matter relative to 
white matter on long TR SE images 



Stage 


Age 


Short TE 
MWM 


LongTE 
MWM 




I 


1st month 


t 


=/i 




II 


2nd months 


=/i 


i/U 




III 


3rd-6th months 


i 


u 




IV 


7th-9th month 


i 


u 




V 


>9th month 


i 


u 





tt hyperintense, t slightly hyperintense, = isointense, i slight- 
ly hypointense^i hypointense,5£spin echo, MWM myelinat- 
ed white matter, TE echo time 



the reported values refer to 'eigenvalues' of the diffu- 
sion tensor and are not directly comparable to ADC 
and FA values. 



4.4 Magnetization Transfer 

With magnetization transfer (MT) quantitative infor- 
mation about the condition of brain tissue can be ob- 
tained by estimating MT ratios (MTRs), either voxel 
based and displayed as maps, or measured globally 
and displayed as MTR histograms. It has been shown 
that MTR changes in infants correlate with changes in 
the degree of myelination (Van Buchem et al. 2001). 
MTR can be used to quantitate the progress of myeli- 
nation and monitor the regional development. MTR 
values (%) show an increase over time (Rademacher 
etal. 1999) (Table 4.2). 

Gray matter structures also show an increase in 
MTR over time; these changes, however, are much less 
impressive (Rademacher et al. 1999). 

It is possible to use MTR whole-brain histograms 
to monitor the progress of brain maturation. This will 
possibly develop into a method that will allow easy es- 
timation of retarded maturation and be a good tool 
for individual follow-up studies (Van Buchem et al. 
2001). 



4.5 Myelination: Timetables 

In daily practice it is useful to have a timetable of nor- 
mal progress of myelination at hand. Even with a con- 
siderable variation, it is evidently possible to provide 
a time scale for normal development and to assess re- 
liably significant delay in myelination. There are sev- 
eral approaches to making a timetable and each one 
has its own advantages and disadvantages. The meth- 
ods can be subdivided in nonquantitative (visual in- 
spection), semi- quantitative (ratios) and quantitative 
(absolute values). 



Timetables can be based upon the visual inspection 
of changes on T r and T 2 -weighted images. T r weight- 
ed images are very useful in the first 6 months of life, 
as discussed above, whereas T 2 - weighted images pro- 
vide more useful information after 6 months. Combi- 
nation of T x and T 2 data has distinct advantages, espe- 
cially in cases with delayed or distorted myelination. 

At term birth, T x -weighted images show evidence 
of myelination in the medulla spinalis, cerebellar 
white matter, dorsal part of the pons, mesencephalon, 
posterior limb of the internal capsula (in particular 
the area of the corticospinal tracts), and the postcen- 
tral parasagittal areas, as a continuation of the long 
ascending spinocortical tracts. The optic radiation 
becomes myelinated soon after birth. The splenium of 
the corpus callosum is myelinated in the 3rd month, 
the truncus in the 4th and 5th month, and the genu in 
the 5th and 6th months. In the 3rd and 4th months 
myelination spreads to the anterior limb of the inter- 
nal capsule. From the parietal parasagittal area, 
myelination starts to spread in anterior and posterior 
directions. After this stage further distinction on T r 
weighted images becomes difficult. 

Additional T 2 -weighted images can be used to re- 
fine the assessment of myelination. Myelination of the 
central parts of the brain can be distinguished from 
the hemispheric white matter, making it possible to 
compose a timetable based on signal intensities with 
five steps of progression (see Tables 4.3, 4.4). 

Some markers are useful in daily practice. On long 
TR, long TE SE images, the splenium of the corpus 
callosum has a low signal by 6 months of age, the genu 
at 8 months of age. The cross-over in the occipital 
lobe, when gray and white matter have a uniform and 
indistinguishable intermediate signal intensity (are 
isointense), occurs at about 7-9 months. At about 
9 months the 'adult' contrast between gray and white 
matter starts to emerge in the occipital lobes. The an- 
terior limb of the internal capsule is myelinated on 
the heavily T 2 -weighted sequence at 8-11 months. At 
12 months the frontal white matter starts to myeli- 
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Table 4.4. Signal intensities of peripheral white matter relative to white matter on long TR SE images 
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stage 


age 


Short TE 




LongTE 




UWM 


MWM 


UWM 


MWM 


1 


1st month 


i 


t 


t 


= 


II 


2nd month 


= 


= 


tt 


= 


III 


3rd-6th month 


T 


= 


tt 


= 


IV 


7th-9th month 




= 




= 


V 


>9th month 




i 




u 



TT hyperintense;T slightly hyperintense;= isointense;4 slightly hypointense;4i hypointense;MI/l/M myelinated white matter; 
UWM unmyelinated white matter; TE echo time 



nate; it should be nearly complete at 14 months of age. 
The temporal lobe is the last to myelinate; this occurs 
between 14 and 18 months of age. The U-fibers of the 
cerebral hemispheric white matter become fully 
myelinated between 18 and 24 months. 

Use of marker sites can be helpful, especially for re- 
search purposes, to provide the necessary detail and 
quantitation. An approach defining specific targets 
for myelination, and scoring in a large population the 
time of onset and completion of myelination of such 
targets, leads to normal values with definition of nor- 
mal variation. 

In a semi- quantitative way the progress of myeli- 
nation can be assessed by calculating a ratio between 
the averaged signal intensity of a chosen region of in- 
terest and dividing that by the averaged signal inten- 
sity of a fully myelinated structure. For this purpose 
the posterior limb of the internal capsule is often cho- 
sen, because myelination is complete at that structure 
at a GA of 44 weeks. A ratio so obtained is indepen- 
dent of type of equipment and field strength. In 
myelin disorders that also affect the posterior limb of 
the internal capsule, of course, this does not apply. 
The head of the caudate nucleus has also been used as 
a reference. 

Some groups have used this more refined method 
of marker sites in combination with estimation of 
time of contrast cross-over between structures and 
used this approach to look at the detailed progress of 
myelination in the cerebellum and brain stem in the 
first months of life. Martin et al. (1990) took as target 
areas the cerebellar hemispheres, dentate nucleus, 
nucleus ruber, middle cerebellar peduncle, corpus 
medullare cerebelli, pontine tegmentum, basis pontis, 
medial lemniscus, and corticospinal tracts. They de- 
fined five stages of progress of cerebellar myelination, 
depending on the relative signal intensities of these 
regions. Landmarks of these studies used for time es- 
timates were again the gradually darker appearance 
of myelinated areas on T 2 -weighted images, the fur- 
ther extension of myelination towards the subcortical 
structures, and inversion of contrast between struc- 
tures. An example of the first marker is the gradual 



darkening of the rim around the dentate nucleus in 
the first weeks of life; of the second marker, the exten- 
sion of myelin into the cerebellar folia; and of the 
third marker, the cross-over in signal intensities be- 
tween the corticospinal tracts and the substantia ni- 
gra. When automatic scaling is used, which is usually 
the case on MR systems, it proves difficult to identify 
the five stages as described by these authors. Usually, 
however, three stages of maturation can be distin- 
guished in the posterior fossa. The structures in- 
volved in the recognition of these three stages on T 2 - 
weighted transverse images are: the basis pontis, the 
tegmentum pontis, the middle cerebellar peduncle, 
the dentate nucleus, the peridentate white matter, the 
corpus medullare cerebelli, and the white matter ex- 
tending into the cerebellar folia (Fig. 4.3). In stage 1 
(<1 month after term) the basis pontis is not myeli- 
nated, there is some myelin in the tegmentum of the 
pons and in the middle cerebellar peduncles, and the 
nucleus dentatus has a high signal intensity and is 
surrounded by a rim of lower signal intensity, fol- 
lowed by a high signal of the cerebellar white matter. 
In stage 2 (>1 months, <3-4 months) myelination 
starts to appear in the basis pontis; the tegmentum is 
still darker, however, and the dentate nucleus starts to 
appear darker. In stage 3 (>3-4 months), tegmentum 
and basis pontis are now approximately as dark as 
each other; the dentate nucleus and the cerebellar 
white matter appear completely dark and isointense 
with the middle cerebellar peduncle. After comple- 
tion of these stages, myelination starts to extend to- 
wards the cerebellar folia, gradually shaping the 'ar- 
bor vitae' of the cerebellum. 

We could make the assessment more detailed and 
add more structures: pyramidal tracts, medial lem- 
niscus, and medial longitudinal fasciculus, structures 
that can be distinguished in good-quality images of 
the brain stem and cerebellum. A similar diagram 
could be produced for the mesencephalic structures, 
where the signal intensity, of the red nucleus, the sub- 
stantia nigra, the corticospinal tracts, medial lemnis- 
cus, and inferior calicles changes with time, depend- 
ing on the pulse sequence used. 
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Fig. 4.4. Myelination and gyration are both part of the matu- 
ration process of the brain. These axial T 2 -weighted images 
obtained in infants with gestational ages (GAs) of 23, 27, and 
35 weeks demonstrate brain maturation in that period. At 
23 weeks of gestation the germinal matrix is visible at the 
trigonum, frontal horns and caudothalamic notch. The brain 
surface is still smooth. The sylvian fissure is hardly visible. At 



27 weeks there are still remains of the germinal matrix, but it is 
less conspicuous. At 35 weeks of gestation myelination has 
started in the posterior limb of the internal capsule. (The dark 
dot represents the corticospinal motor tract.) The gyral devel- 
opment over this period is beautifully shown in these images. 
From Childs and Ramenghi et al. (2001 ), with permission 
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Quantitative measurements can be used to assess 
myelination of the brain in general, and in different 
structures in particular. Examples are measurements 
of Ti, T 2 , ADC, FA, and MTR. 

It is clear that myelination is not the only concern 
as far as development of the CNS is concerned. Pro- 
gression of gyration should be included in an inven- 
tory of brain maturation. For premature children 
such a maturation index has been proposed (Childs et 
al. 2001), which provides a standardized method of 
assessing cerebral maturation. Four parameters are 
assessed in this scale: cortical folding, myelination, 
germinal matrix distribution, and glial cell migration 
(see also Fig. 4.4). 



4.6 Gyration 

The brain of premature children and neonates is im- 
mature, not only in myelination but also in develop- 
ment in gyri (gyration). Histopathological, intrauter- 
ine ultrasound and MR studies have yielded insight 
into the development of some major fissures, which 
provide landmarks of gyral development: the inter- 
hemispheric fissure (before 15 weeks of GA), the pari- 
eto-occipital fissure, the calcarine fissure, the central 
rolandic sulcus (visible at a GA of 23-25 weeks), and 
the development of the insula, visible at a GA of 
18 weeks, with overriding frontal, temporal and pari- 
etal opercula at 28-29 weeks' gestation (Chi et al. 
1977). 

For MRI, insight into gyral development from the 
age of 26-28 weeks gestation is most important, as 
preterm infants often come for MRI. In premature in- 
fants the cerebral cortex is still entirely or relatively 
smooth and lacking in sulci, depending on the post- 
conceptional age of the infant. Over time, shallow sul- 
ci develop in an ordered sequence. The sulci increase 
in number and become deeper. The gyri become in- 
creasingly branched. Most of the process of a conver- 
sion of a smooth, lissencephalic brain into a nearly 
fully developed cortical gyral pattern occurs between 
26 and 44 weeks of gestation. The mature pattern of 
gyri and sulci is normally reached at the age of 
3 months after term. In our study of gyral develop- 
ment in preterm and term neonates (Van der Knaap 
et al. 1996) gyral development was graded for differ- 
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Fig. 4.5. A-D. Patterns of sulcus configuration for gyral devel- 
opment score 2 (A or B), score 3 (C), and score 4 (D). From Van 
der Knaap et al. (1 996), with permission 



ent brain areas using a five-point scoring system 
(Fig. 4.5): (1) The surface is smooth without gyri and 
sulci or there is, at most, some undulation of the cor- 
tical surface area. (2) Width of the gyri is greater than 
the depth of the sulci. (3) Width of the gyri is equal 
to the depth of the sulci. (4) Width of the gyri is less 
than the depth of the sulci. (5) Gyri and sulci are 
branched. Seven cortical areas were studied separate- 
ly: (1) the frontal lobe minus the area of the central 
sulcus, (2) the area of the central sulcus, (3) the pari- 
etal lobe minus the area of the central sulcus, (4) the 
occipital lobe minus the medial area, (5) the medial 
occipital area, (6) the posterior part of the temporal 
lobe, and (7) the anterior part of the temporal lobe. 
The five stages of gyration distinguished are shown in 
Figs. 4.6-4.10. The ages of the children ranged from 
30 to 42 weeks. At all ages the development of the 
rolandic area and the medial part of the occipital 
lobe (areas 2 and 5) was most advanced. In the pari- 
etal area, occipital area and posterior temporal area 
(areas 3, 4, and 6), an intermediate rate of gyral devel- 
opment was found. Gyral development was slowest 
and latest in the frontal and anterior temporal areas 
(areas 1 and 7). 
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Fig. 4.6. Sagittal "IVweighted, and coronal and transverse 
T 2 -weighted images in a preterm infant at a GA of 30 weeks, 
showing stage 1 gyration. The depth of the central, parieto- 
occipital and calcarine sulci is about equal to the width of the 



bordering gyrus. The frontal and temporal cortical surface is 
smooth; the cortex is slightly undulating in the posterior area. 
From Van der Knaap et al. (1 996), with permission 
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Fig. 4.7. Preterm infant at a GA of 32 weeks. Sagittal T r and 
coronal and transverse T 2 -weighted images show gyration 
stage 2. The central and calcarine sulci are now deeper than 



the bordering gyri. Compared with stage 1 sulci are better 
defined and increased in number in the remaining areas. From 
Van der Knaap et al. (1 996), with permission 
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Fig. 4.8. Gyration at a GA of 36 weeks. Sagittal and coronal 
TV and transverse T 2 -weighted images demonstrate stage 3 
gyration. The central sulcus and sulci of the medial occipital 
area are now becoming branched. Sulci are becoming better 



defined and more numerous.The depth of the sulci is equal or 
greater than the width of the gyri in most areas. From Van der 
Knaap et al. (1 996), with permission 
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Fig. 4.9. Gyration at a GA of 39 weeks. Sagittal and coronal 
TV and transverse T 2 -weighted images depict stage 4 gyra- 
tion. The central and sulci of the medial occipital area are now 
branched. The number of sulci and gyri has increased again. 



The sulci have a closed form in most areas. The depth of the 
majority of sulci is greater than that of the bordering gyri. From 
Van der Knaap et al. (1 996), with permission 



50 Chapter 4 Myeli nation and Retarded Myelination 




Fig. 4.10. Gyration at a GA of 42 weeks, depicted on sagittal "I"] -weighted, and coronal and transverse T 2 -weighted images, show- 
ing stage 5 gyration. Branching of sulci is now seen in all areas. From Van der Knaap et al. (1 996), with permission 
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4.7 Delayed Myelination, Irregular 
Myelination, Hypomyelination, 
and Arrest of Myelination 

Once MRI criteria for normal progress of myelination 
have been established, it is possible to diagnose delays 
in this process. If it is true that myelination expresses 
functional maturity a correlation between delay in 
myelination and delayed development of psychomo- 
tor functions can be expected. Roughly speaking, this 
appears to be the case. We have been able to confirm 
it in a group of children with hydrocephalus, in whom 
MRI and neuropsychological data were obtained be- 
fore and twice after shunting. There was a strong cor- 
relation between (a) the progress of myelination as 
compared with the normal myelination standard and 
(b) the progress of mental development as compared 
with the normal developmental standard. It is impor- 
tant to follow up the progress of myelination in any 
child in whom a delay is suspected, to see whether, 
and if so when, the child catches up with normal 
myelination. It might be assumed that a longer delay 
in the restoration of the normal pattern would coin- 
cide with a poorer prognosis. 

There are many possible causes for a delay in 
myelination: hypoxia-ischemia, congenital infec- 
tions, congenital malformations, chromosomal ab- 
normalities, congenital heart failure, postnatal infec- 
tions, hydrocephalus, hypothyroidism, hypercorti- 
solism, hypocortisolism, fetal intoxications, malnutri- 
tion, and inborn errors of metabolism. The delay is 
usually bilateral and symmetrical, but unilateral delay 
is seen in cases with hemimegalencephaly, unilateral 
porencephalic cysts, cerebral hemiatrophy, or unilat- 
eral periventricular leukomalacia. 

The critical period in myelin development was ini- 
tially thought to coincide with the proliferation of 
myelin-forming cells, rather than with the period of 
membrane accumulation. The mechanism of 'stunt- 
ing' of oligodendroglial proliferation as a cause of hy- 
pomyelination has been under discussion, because in 
animal research no major deficits of oligodendro- 
cytes could ever be established, except in severely 
starved animals. Therefore the induction of myelin 
membrane formation, rather than cell proliferation, 
seems to be the actual critical event. Damage in criti- 
cal periods is often limited to areas in which myelina- 
tion is beginning at that time. This knowledge is help- 
ful in establishing the time of insult in infants and 
children. 



Irregular myelination with local or generalized 
hyper myelination, or myelination not following the 
normal routes of progress, is rare, but is seen occa- 
sionally. Hypermyelination, or advanced myelination, 
has been observed in patients with Sturge-Weber 
syndrome. It has been suggested that epileptic 
seizures may stimulate myelination. However, ad- 
vanced myelination or hypermyelination is not seen 
in most patients with infantile forms of epilepsy. Lo- 
cal hypermyelination in the basal ganglia is manifest 
histologically as the so-called status marmoratus, a 
late sequela of perinatal hypoxia. In this case the 
myelination does not involve the proper targets and 
does not occur around axons but around astrocytic 
extensions. Because of the low signal intensity of the 
basal ganglia on T 2 -weighted images and the dark ap- 
pearance of myelin in this sequence, MRI has so far 
not succeeded in identifying this condition. 

Hypomyelination or arrest of myelination occurs 
in Pelizaeus-Merzbacher disease, a disorder of proteo- 
lipid protein synthesis, one of the major myelin pro- 
teins. In this disorder no myelin, or only very little, is 
produced. In Salla disease, a lysosomal storage disor- 
der, and DNA repair disorders such as Cockayne syn- 
drome and trichothio dystrophy with sun hypersensi- 
tivity hypomyelination is also present. To establish a 
secure diagnosis of retarded or arrested myelination, 
at least two observations sufficiently far apart are 
necessary. 



4.8 Iconography of Myelination 
and Gyration 

Illustrations in this chapter show the progress of 
gyration (Figs. 4.4-4.10) and myelination in normal 
neonates and infants (Figs. 4.11-4.23). Many exam- 
ples of disturbances of myelination are found in the 
other chapters in this book. In Table 4.4 the myelina- 
tion of some important structures on MRI is indicat- 
ed. In some cases a more detailed look at structures in 
relation to their surroundings is useful, in order to see 
how contrast changes over time. The structures in the 
posterior fossa are a good example (Fig. 4.3). We also 
include an example of diffusion -weighted imaging in 
estimating the progress of myelination (Fig. 4.24). 
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Fig. 4.11. Myelination at a GA of 32 weeks. The sagittal T r 
weighted series {upper row) shows the features of the prema- 
ture brain nicely: lack of gyration in the frontal areas, with 
some gyration in the parietal and occipital lobes.The midsagit- 
tal image shows myelin present in the medulla oblongata, the 



dorsal part of the pons, the mesencephalon, and the corpus 
medullare of the cerebellum. The transverse T r weighted se- 
ries shows the same features and gives a good impression of 
the high water content of the unmyelinated white matter 
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Fig. 4.1 2. Myelination at a GA of 39 weeks. A sagittal T r losum is still thin and also unmyelinated. From the basal gan- 
weig hted SE series is shown from right to left. In the brain stem, glia, myelinated white matter tracts can be followed towards 
the basis pontis is still not myelinated (a/row). The corpus cal- the post-rolandic gyrus {arrows) 
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Fig. 4.1 3. Myelination 2 weeks after birth at term, as seen on a 
"^-weighted transverse inversion recovery (IR) series. Myeli- 
nation is seen in the medulla oblongata, middle cerebellar 
peduncle, tegmentum pontis (especially medial lemniscus, 
arrows), col lieu I us inferior, decussation of the superior cerebel- 



lar peduncles, optic tracts, posterior limb of the internal cap- 
sule, white matter tracts in the basal ganglia and ascending 
tracts towards the post-rolandic gyrus. Note in the upper im- 
ages that cortical gray matter is also myelinated 
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Fig. 4.1 4. T 2 -weighted transverse series of myelination 
2 weeks after birth at term for comparison. Cerebellar myelina- 
tion is still in stage 1 :the hilus of the dentate nucleus is bright; 
the dentate nucleus is surrounded by a dark band {arrow), 
again followed by bright cerebellar white matter. Contrast in- 
version of these structures during the progress of myelination 



will give clues to the age of myelination. On T 2 -weighted 
images the tegmentum pontis {arrow) and mesencephalon 
are darker than the ventral pons. Myelin can also be seen in 
the superior vermis, posterior limb of the internal capsule, 
basal ganglia and ascending tracts into the post-rolandic 
gyrus {arrows) 
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Fig. 4.1 5. In the posterior fossa T 2 -weighted images show 
that cerebellar myelination has progressed to stage 2 in this 
2-month-old infant.The bright ring around the dentate nucle- 
us has disappeared, but the peripheral white matter of the 
cerebellum is still bright.There is still a difference between the 



basis pontis and tegmentum pontis, although much less pro- 
nounced than before. In the mesencephalon, the pyramidal 
tracts and decussation of the superior cerebellar peduncles 
can be identified 
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Fig. 4.1 6. IR images at 3 months. The myelinated structures 
can easily be identified. Note the beginning of myelination in 
the pyramidal tracts in the mesencephalon {large white arrow) 
and the strongly myelinated decussation of the superior cere- 
bellar peduncles {small black arrow). The colliculus inferior 
{black arrow) and the auditory tracts are also clearly myelinat- 



ed. The optic tract is myelinated, as is the optic radiation. The 
posterior limb of the internal capsule is fully myelinated at the 
postnatal age of 2 weeks. Myelin has now spread to the pre- 
central gyrus and will advance dorsally and ventrally to myeli- 
nate the occipital, the frontal and, finally, the temporal lobes 
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Fig. 4.1 7. At the age of 5 months the genu of the corpus callosum starts to myelinate.On IR images myelination will soon appear 
to be complete.T 2 -weighted images will then be more useful in providing information about maturation of the brain 
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Fig. 4.1 8. T 2 -weighted series at 4 months of age. In the pons, 
basis and tegmentum have a low signal;the medial lemniscus 
has an even lower signal {arrow), as do the middle cerebellar 
peduncles. The corpus medullare of the cerebellum is myeli- 
nated, but myelination is not yet extending towards the cor- 
tex. At the level of the mesencephalon, the decussation of the 



superior cerebellar peducles,the colliculus inferior {arrow),the 
pyramidal tracts,the corpus mamillare and the optic tract have 
a low signal. The posterior limb of the internal capsule is also 
dark (arrows). A difference is visible between the unmyelinat- 
ed white matter in the frontal and temporal regions and the 
occipital and parietal region where myelination has started 
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Fig. 4.1 9. T 2 -weighted coronal images at the age of 4 months, showing the difference between still unmyelinated white matter 
in the frontal and temporal lobe and the more advanced myelination posteriorly 
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Fig. 4.20. Myelination at 7-8 months of age. On the T 2 - gray and white matter in the occipital and parietal areas has 
weighted images the central parts are now myelinated, includ- started; there is little contrast between gray and white matter, 
ing the genu of the corpus callosum. The crossover between In the frontal and temporal regions this is not yet the case 
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Fig. 4.21. Myelination at 12-13 months. The adult contrast is now emerging in all lobes except the temporal lobe, the latest to 
myelinate.The T 2 -weighted series shows that the spread of myelin into the arcuate fibers is still not complete 
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Fig. 4.22. Adult pattern of myelination on T 2 -weighted images in a 5-year-old child.The temporal lobes now also show the adult 
gray-white matter contrast 
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Fig. 4.23. Adult pattern of myelination on ^-weighted (IR) images.These images were taken from a 5-year-old boy 




Fig. 4.24. Diffusion-weighted- 
imaging (DWI) and diffusion 
tensor imaging (DTI) allow further 
refinement and quantitation of 
the progress of myelination. These 
images depict single-shot EPI with 
single diffusion gradient in slice, 
read or phase direction at b=1 000, 
showing anisotropy of myelinated 
fibers depending on the gradient 
direction in a baby boy 3 months 
of age 
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Fig. 4.25. Images demonstrating evolution of FA over time, measured with 1 2+1 diffusion gradient settings 



Table 4.5. Myelination on MRI: 
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Chapter 5 

Lysosomes and Lysosomal Disorders 



R. A. Wevers, V. Gieselmann 



5.1 Lysosomal Biogenesis 

and Biochemical Functions 

Lysosomes are hydrolase-rich organelles surrounded 
by membranes and with an acidic interior milieu. 
They are present in almost all types of body cells. 
Their number varies greatly, depending on cell type 
and function. They display considerable structural 
heterogeneity and appear in all shapes, sizes, and den- 
sities. They have been given their name because they 
are small bodies (soma = body) containing various 
enzymes that are hydrolytic (lysis = dissolution). 
These hydrolases catalyze reactions in which macro- 
molecules and macromolecular structures are de- 
graded into smaller components. Among the more 
than 50 different lysosomal enzymes so far identified 
are proteases, nucleases, glycosidases, lipases, phos- 
pholipases, sulfatases, and phosphatases. The variety 
of enzymes enables the lysosome to digest almost all 
types of biological macromolecules, such as proteins, 
polysaccharides, lipids, and nucleic acids. The low- 
molecular components released are transported to 
the cytoplasm to be reused. For this purpose the lyso- 
somal membrane contains various transporters to 
translocate amino acids, sugars, and possibly nu- 
cleotides into the cytoplasm. The lysosomal mem- 
brane separates the hydrolytic enzymes from the cy- 
toplasm to prevent uncontrolled lysis of cytoplasmic 
components. The acidic interior of lysosomes pro- 
vides a favorable environment for the digestive activ- 
ities of the enzymes: oligomeric proteins dissociate 
into monomers, proteins dissociate away from the 
protecting membrane, and stabilizing complexes be- 
come split. The low pH is generated by a complex 
multisubunit ATP-dependent proton pump. Several 
subunits of this proton pump are found on the cy- 
tosolic side of the lysosomal membrane, and others 
are integral lysosomal membrane proteins. Further- 
more, the lysosomal membrane harbors various pro- 
teins, with highly glycosylated intralysosomal do- 
mains (e.g. LAMP1 and 2). The high carbohydrate 
content is thought to protect the lysosomal mem- 
brane from hydrolytic attack by the enzymes. 

Lysosomal enzymes, along with secretory proteins 
and plasma membrane proteins, are synthesized on 
membrane-bound polyribosomes on the rough en- 
doplasmic reticulum. An important question is how 
proteins, which are destined for specific intracellular 
compartments, are targeted at their destination from 



their site of synthesis. The signal that specifies the 
destination of each nascent protein resides in its se- 
quence or spatial structure. The cellular transport 
machinery recognizing these signals distributes the 
proteins to the diverse cellular compartments. Some 
signal peptides direct proteins specifically into the 
nucleus, mitochondria, or peroxisomes. Membrane, 
secretory, or lysosomal proteins are also sorted 
initially via signal peptides into the lumen of the 
endoplasmic reticulum. Here the lysosomal enzyme 
proteins undergo glycosylation, as do most of the 
secretory and plasma membrane proteins. The glyco- 
sylation step involves the transfer of a large oligosac- 
charide with high mannose content to selected as- 
paragine residues of the nascent protein. Subsequent- 
ly, the signal peptide is cleaved, the protein folds, and 
the processing of the asparagine-linked oligosaccha- 
ride begins. From the endoplasmic reticulum the pro- 
teins travel via vesicular transport to the Golgi appa- 
ratus. In the cis compartment of the Golgi complex, 
oligosaccharide side chains of lysosomal enzymes are 
phosphorylated and thus acquire mannose-6-phos- 
phate moieties. In contrast, oligosaccharide side 
chains of secretory and membrane proteins are 
trimmed and remodeled further to yield complex- 
type side chains. The synthesis of the mannose-6- 
phosphate residues is initiated by a phosphotrans- 
ferase, which specifically recognizes lysosomal en- 
zymes. Recognition does not occur by way of a signal 
peptide but is mediated by a spatial signal depending 
on the three-dimensional structure of the enzymes. 
Given the structural diversity of lysosomal enzymes 
the precise nature of the signal shared by all enzymes 
is still a mystery. So far, only surface-located lysine 
residues seem to be an essential common component 
of this topogenic signal. 

Phosphorylated lysosomal enzymes then proceed 
through the remainder of the Golgi complex (from 
cis- through medial to trans-Golgi). In the trans-Gol- 
gi network (TGN) they bind to mannose-6-phosphate 
receptors, which segregate the enzymes into distinct 
transport vesicles away from secretory and cell sur- 
face proteins. There are two mannose-6-phosphate 
receptors, which bind different but overlapping sets of 
enzymes. Once lysosomal enzymes are bound, the 
mannose-6-phosphate receptor-enzyme complexes 
are collected in clathrin-coated pits, which bud off to 
form coated vesicles. Most of these transport vesicles 
deliver the complexes to acidic early endosomes, but 
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complexes do also arrive at late endosomes. The low 
pH in the endosomes causes lysosomal hydrolases 
and receptors to dissociate. After dissociation, man- 
nose-6-phosphate receptors are retrieved from this 
compartment and returned to the TGN, whereas lyso- 
somal enzymes are delivered to mature lysosomes. 
Thus, receptors do not occur in lysosomes. Their ab- 
sence is an important histochemical feature of lyso- 
somes and differentiates them from late endosomes. 
Mannose-6-phosphate receptors also cycle between 
the endosomal compartment and the plasma mem- 
brane. One of the receptors can bind lysosomal en- 
zymes at the plasma membrane and mediate their en- 
docytosis and subsequent delivery to lysosomes. This 
is probably a recapture mechanism, since depending 
on cell type, 5-40% of newly synthesized lysosomal 
enzymes escape receptor binding in the TGN and are 
secreted. A proportion of these enzymes bind to the 
mannose-6-phosphate receptors on the plasma mem- 
brane and are recaptured, internalized, and delivered 
to lysosomes. Sorting signals within the cytoplasmic 
tails of the receptors are crucial for their correct in- 
tracellular trafficking. 

Although the mannose-6-phosphate recognition 
pathway is a major route for targeting soluble lysoso- 
mal enzymes, there is evidence for an alternative 
mechanism, independent of mannose-6-phosphate, 
and localizing soluble acid hydrolases to lysosomes. 
Although it seems likely that this pathway is also re- 
ceptor mediated, attempts to demonstrate this recep- 
tor have so far been unsuccessful. Only in cases of 
activator proteins - see below - has the multiligand 
receptor sortilin been shown to be involved in lysoso- 
mal trafficking independent of mannose-6-phos- 
phate. 

Lysosomal membrane glycoproteins travel the 
same route as soluble enzymes from the rough endo- 
plasmic reticulum via the Golgi apparatus and endo- 
somes to lysosomes. However, the transport of lyso- 
somal membrane glycoproteins to lysosomes is inde- 
pendent of the mannose-6-phosphate receptor sys- 
tem, depending rather on signals in their cytoplasmic 
portion. An example is the classic lysosomal marker 
enzyme acid phosphatase. It is synthesized as a trans- 
membrane precursor protein with a large luminal do- 
main and a short cytoplasmic tail. After reaching the 
TGN the enzyme precursor is repeatedly recycled be- 
tween the cell surface and the endosomal compart- 
ment before reaching the lysosome. After its delivery 
to the lysosome, acid phosphatase undergoes proteo- 
lytic processing of the membrane-anchoring domain, 
resulting in conversion to a soluble form. Sorting 
signals for this mannose-6-phosphate receptor-inde- 
pendent pathway reside in the short cytoplasmic tail 
of the acid phosphatase precursor. 

In addition to oligosaccharide processing, lysoso- 
mal hydrolases are synthesized as pre-proenzymes, 



and almost all undergo proteolytic processing. The 
pre-piece is the signal sequence, which is cleaved 
immediately after transport into the endoplasmic 
reticulum. With the exception of aspartylgluco- 
saminidase, which is already processed in the endo- 
plasmic reticulum, the pro-piece is cleaved later in en- 
dosomal compartments. Cleavage is completed after 
arrival of the enzymes in the lysosomes. For lysoso- 
mal proteases, cleavage of proenzymes is accompa- 
nied by activation of the enzymes. Prior to arrival in 
the lysosomes the pro-piece keeps the proteases in an 
inactive state. In lysosomal enzymes other than pro- 
teases, however, the biological significance of this 
proteolytic processing is poorly understood. 

Some enzymes involved in the degradation of 
sphingolipids need the assistance of enzymatically 
inactive activator proteins for hydrolysis of their sub- 
strates. So far, five different activator proteins encod- 
ed by two different genes have been identified. One 
gene codes for the GM 2 ganglioside activator protein 
only, whereas the other encodes a precursor protein 
that harbors four different but homologous sphin- 
golipid activator proteins (SAPs). The mature SAPs A, 
B, C, and D - also called saposins - are generated from 
this precursor via proteolytic processing. They act on 
different enzymes and facilitate the degradation of 
various sphingolipids. They also differ in their mode 
of action. GM 2 -activator protein and SAP-B bind the 
lipid substrates and present them to the respective 
enzymes, whereas SAP-C activates the enzyme direct- 

Lysosomes are the final destination of endocytic, 
autophagic and phagocytic routes. The endosomal 
membranous network connects the lysosomes to the 
Golgi apparatus and the plasma membrane. Early en- 
dosomes start to accumulate internal membranes, 
and as this accumulation proceeds they mature into 
late endosomes. Since late endosomes are rich in lu- 
minal membranes they are also referred to as multi- 
vesicular bodies (MVBs) or multivesicular endo- 
somes. Lipid and protein composition of these lumi- 
nal membranes differs from that of early endosomes, 
suggesting a specific partitioning event during their 
generation. Thus, for some proteins it has been shown 
that tagging with ubiquitin directs them through this 
luminal compartment for lysosomal degradation, 
whereas other proteins seem to be quite stable in 
these membranes. This endocytotic lysosomal route 
can also be used to terminate growth factor receptor 
signaling, a process that is crucial for cellular regula- 
tion. Thus, ligand activation of epidermal growth fac- 
tor receptor does not only activate downstream sig- 
naling pathways, but also induces endocytosis. Endo- 
cytosed receptors may be cycled back to the plasma 
membrane for continuous signaling or can be deliv- 
ered to the lysosome for degradation, resulting in sig- 
nal termination. Thus, the balance between recycling 
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and lysosomal delivery has a key role in regulation of 
the signal intensity of at least some tyrosine kinase 
receptors. 

The MVBs/late endosomes can fuse homotypical- 
ly, but they also fuse with lysosomes, forming a hybrid 
organelle. The dense lysosomes can be regarded as 
storage granules of hydrolytic enzymes, which fuse 
with late endosomes to perform their hydrolytic task 
on the late endosome contents. During this process 
continuous condensation occurs to recover lyso- 
somes from this hybrid organelle. 

Autophagy is the process by which the cell se- 
questers parts of its own cytoplasm, often containing 
entire organelles. In the first step, called autophagic 
sequestration, a cytoplasmic membrane, which is 
probably derived from the endoplasmic reticulum, 
envelops a region of cytoplasm in a closed vacuole 
called an autophagosome. Through fusion, the se- 
questered material is transferred to lysosomes. The 
lysosomal membrane protein LAMP2 seems to be 
essential for the maturation of autophagosomes. In 
normal cells this process is important because of its 
participation in cell renewal and turnover of worn- 
out cell constituents. In secretory cells there is a spe- 
cial kind of autophagy, called crinophagy. It occurs by 
way of direct fusion between secretory granules and 
lysosomes and results in the destruction of excess se- 
cretory material. Alternatively, in chaperone-mediat- 
ed autophagy proteins can be unfolded in the cyto- 
plasm and transported directly through the lysoso- 
mal membrane. 

Finally, phagocytosis is the process by which cells 
internalize large particles, such as bacteria. Thus, 
phagocytosis is particularly active in neutrophils and 
macrophages. After internalization the interior of a 
phagosome initially resembles the extracellular mi- 
lieu. However, phagosomes may fuse with endosomes 
and slowly acquire the characteristics of late endo- 
somes and lysosomes. In this context it is important 
to note that lysosomes also generate peptides via hy- 
drolysis of phagocytosed material to load MHCII 
molecules. Thus, lysosomes have an essential role in 
the immune system, maintaining the health of cells 
and the body's defense against foreign invaders. 

Apart from the catabolic functions, lysosomes 
have also been shown to play an essential part in the 
repair of plasma membrane defects. In wounded cells 
lysosomes can fuse with the defective plasma mem- 
brane via a calcium-triggered exocytotic process. 
Lysosomes can thus serve as a reservoir allowing for 
rapid provision of membrane lipids in the case of 
extended defects that cannot be compensated by lipid 
biosynthesis within an appropriate time period. This 
clearly demonstrates that lysosomes also have ana- 
bolic functions. 



5.2 The Pathobiochemistry 

of Lysosomal Disease in Humans 

More than 45 different lysosomal diseases are cur- 
rently known in man (Table 5.1). They can be caused 
by defects in the genes of individual lysosomal hydro- 
lases, activator proteins, transporters, lysosomal 
membrane proteins, or enzymes modifying lysoso- 
mal hydrolases. In general a profound deficiency with 
residual activity of the respective protein <5 % of nor- 
mal is found in tissues of affected persons. Since un- 
degraded substrates cannot leave the lysosomes, or 
only very slowly, these organelles are converted into 
storage granules, which steadily increase in size and 
number. 

Over the years several classes of lysosomal diseases 
have been unraveled. In Table 5.1 and in the text be- 
low we have classified the lysosomal diseases primar- 
ily on the basis of functional characteristics, resulting 
in seven main groups. Furthermore, we have taken ac- 
count of well-established clinical entities that are of- 
ten based on the nature of the accumulating com- 
pound. 



5.2.1 Defects in Individual Hydrolases 

The molecular basis of most currently known lysoso- 
mal diseases is a deficiency of an individual hydrolase 
in the lysosome. These hydrolases have a role in the 
catabolism of different molecular species, such as 
lipids, mucopolysaccharides, and glycoproteins. This 
has led to a classification according to the biochemi- 
cal nature of the substrate accumulating in a particu- 
lar disease (see also Table 5.1). 

In many lysosomal diseases lipid species accumu- 
late. Examples of lipids that are involved are sphin- 
gomyelin (Niemann-Pick A and B), glucosylcer amide 
(Gaucher), galactosylceramide and psychosine 
(Krabbe), globotriaosylceramide (Fabry), ceramide 
(Farber), sulfatides (metachromatic leukodystrophy), 
gangliosides (GMx and GM 2 gangliosidoses), choles- 
teryl esters, and triglycerides (Wolman). This group 
of diseases can be referred to collectively as the lipi- 
doses. Figure 5.1 illustrates the sequential action of 
the various enzymes involved in the pathway of lyso- 
somal lipid metabolism. 

In a second subgroup acid mucopolysaccharides, 
also called glycosaminoglycans, accumulate. These 
consist of long chains of repeating disaccharide units. 
Different subspecies exist, which are characterized by 
the composition of their repeating disaccharide units. 
Heparan sulfate, dermatan sulfate, chondroitin sul- 
fate, keratan sulfate, and hyaluronan are representa- 
tives of the mucopolysaccharide family. The mu- 
copolysaccharides are degraded in the lysosome. De- 
fects in the enzymes involved in this catabolism cause 
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Table 5.1. A review of the lysosomal storage disorders, with the defective enzymes and proteins in each 



A. Defects in individual lysosomal hydrolases 


1. Lipidoses 




a. Metachromatic leukodystrophy 


Arylsulfatase A 


b. Globoid cell leukodystrophy (Krabbe disease) 


Galactocerebrosidase 


c. GMt gangliosidosis 


p-Galactosidase 


d. GM 2 gangliosidoses: 




Tay Sachs disease 


Hexosaminidase A 


Sandhoff disease 


Hexosaminidase A and B 


e. Gaucher disease 


p-Glucosidase 


f. Fabry disease 


a-Galactosidase A 


g. Farber disease 


Acid ceramidase 


h. Niemann-Pick disease (types A and B) 


Sphingomyelinase 


i. Wolman disease and cholesterol ester storage disease 


Acid lipase 


2. Mucopolysaccharidoses 




a. Hurler disease and Scheie disease (I) 


cx-lduronidase 


b. Hunter disease (II) 


Iduronate sulfatase 


c. Sanfilippo disease (IIIA-D) 


a. Heparin sulfamidase 




b. A/-Acetyl a-glucosaminidase 




c. a-Glucosaminide A/-acetyltransferase 




d. A/-Acetylglucosamine 6-sulfatase 


d. Morquio disease (IV) 


Galactose 6-sulfate sulfatase 


e. Maroteaux-Lamy disease (VI) 


Arylsulfatase B 


f. Sly disease (VII) 


p-Glucuronidase 


g. Hyaluronidase deficiency (IX) 


Hyaluronidase 


3. Disorders of glycoprotein degradation 




a. Sialidosis 


Neuraminidase 


b. Fucosidosis 


a-Fucosidase 


c. Mannosidosis (a and p) 


a- and p-Mannosidase 


d. Aspartylglycosaminuria 


Aspartylglucosaminidase 


4. Glycogen storage disorders 




a. Pompe disease 


a-Glucosidase 


5. Neuronal ceroid lipofuscinoses 




a. Infantile Finnish type NCL (Santavuori disease) 


Palmitoyl thioesterase 


b. Late-infantile NCL (Jansky-Bielschowsky disease) 


Tripeptidyl peptidasel 


6. Non classifiable 




a. Pyknodysostosis 


Cathepsin K 


b. Schindler disease 


A/-Acetyl a-galactosaminidase 


B. Defects in activator proteins 


1. Lipidoses 




a. GM 2 activator protein deficiency 


GM 2 Activator protein 


b. Saposin B deficiency 


Metachromatic leukodystrophy variant 


c. Saposin C deficiency 


Gaucher disease variant 


d. Prosaposin deficiency 




C. Defects in the postsynthetic modification of lysosomal proteins 


1. Mucolipidoses 




a. I cell disease (mucolipidosis II) 


A/-Acetylglucosaminylphosphotransferase 


b. Pseudo-Hurler polydystrophy (mucolipidosis III) 


A/-Acetylglucosaminylphosphotransferase 


2. Non-classifiable 




a. Multiple sulfatase deficiency 


F G i y -Generating enzyme 


D. Defects in structural lysosomal proteins 


1. Glycogen storage disorders 




a. Danon disease 


LAMP2 


E. Defect in a protective protein 


a. Galactosialidosis 


Cathepsin A 


F. Defects in transport and trafficking of substrates 


a. Cystinosis 


Cystinosin 


b. Salla disease 


Sialin 


c. Niemann-Pick disease type C 


NPC1 orNPC2 


G. Non-classifiable 


a. Mucolipidosis IV 


Mucolipin 1 
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a group of diseases collectively referred to as the mu- 
copolysaccharidoses. 

When glycoproteins are degraded in the lysosome, 
breakdown of the glycan part requires a set of glycosi- 
dases. Degradation of the glycans involves their se- 
quential action. If one of these enzymes is deficient 
various oligosaccharides deriving from the glycan 
accumulate in tissues and body fluids. The material 
accumulating in the lysosomes is disease specific. As 
a group, these diseases can be referred to as glycopro- 
tein degradation disorders. 

The breakdown of glycogen, a glucose polymer, 
requires lysosomal a-glucosidase enzymatic activity. 
Defects in this enzyme lead to Pompe disease with 
massive glycogen storage in muscle and liver in the 
infantile-onset form of the disease. This disease is one 
of the family of glycogen storage disorders. 

A last group in this category is formed by the neu- 
ronal ceroid lipofuscinoses (NCL). To date, eight main 
genetic forms are generally accepted to occur in man. 



The NCLs collectively constitute the most common 
group of neurodegenerative diseases in childhood, 
with an estimated total incidence in the U.S. of 
1:12 500. All NCL forms share unifying pathomor- 
phologic features. In two subtypes the primary defect 
was found in a soluble lysosomal enzyme. The en- 
zymes involved are protein thioesterase (PPT) and 
tripeptidyl-peptidase 1 (TPP1). The PPT enzyme re- 
moves fatty acids from several S-acetylated proteins. 
The function of TPP1, a serine protease, is the re- 
moval of N-terminal tripeptides from substrates with 
free amino termini. The in vivo substrates of PPT and 
TPP1 remain unknown. It may turn out that some of 
the remaining eight genetic NCL forms are also lyso- 
somal diseases. Another lysosomal enzyme, cathepsin 
D, is for instance involved in an ovine neurodegener- 
ative disease with ultrastructural features closely re- 
sembling human NCL. The human counterpart of this 
disease has not yet been identified. 
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Although the classification of lysosomal disorders 
according to storage compounds appears straightfor- 
ward, it is important to realize that lysosomal en- 
zymes are frequently specific not for a certain sub- 
strate, but for a component that may occur in differ- 
ent substrates. Thus, glycosidases are specific for par- 
ticular sugar residues and the geometry of their 
linkage. The respective sugar and its linkage can 
occur both in lipids and in glycosaminoglycans. 
Degradation of both is affected in the case of enzyme 
deficiency, and both lipids and glycosaminoglycans 
accumulate. Thus, in some diseases the classification 
is somewhat artificial. 

In Schindler disease the defective enzyme, a-N- 
acetylgalactosaminidase, is involved in various path- 
ways, so that this disease cannot be assigned unam- 
biguously to any one of the above groups. It exerts an 
action in the catabolism of various glyco conjugates 
with terminal a-AT-acetylgalactosaminyl residues. 
Deficiency of the enzyme results in accumulation of 
glycopeptides, glyco sphingolipids, and oligosaccha- 
rides in many tissues. 

The defective enzyme in pyknodysostosis has been 
found in cathepsin K, a lysosomal protease. This 
enzyme is highly expressed in osteoclasts. The defect 
leads to a reduced capacity of this cell to remove 
organic bone matrix, thus causing defective bone 
growth and remodeling. This explains why the pa- 
tients suffer predominantly from skeletal, orthopedic, 
craniofacial, and dental abnormalities. 



5.2.2 Defects in Activator Proteins 

Some enzymes require the presence of activator pro- 
teins or saposins for their catalytic function inside 
the lysosome. Examples are sphingomyelinase, aryl- 
sulfatase A, and a- and p-galactosidase. Since defects 
in activator proteins affect the degradation of sphin- 
golipids only, all activator protein deficiencies are 
lipidoses. The clinical signs and symptoms frequent- 
ly resemble those found in patients in whom the same 
glycolipid accumulates as the result of deficiency of 
hydrolase activated by the respective saposins (e.g., 
saposin B deficiency causes a variant form of meta- 
chromatic leukodystrophy). 



5.2.3 Defects in the Postsynthetic 

Modification of Lysosomal Proteins 

As outlined earlier, all soluble lysosomal enzymes are 
AT-glycosylated and their oligosaccharide side chains 
receive mannose-6-phosphate residues, which are a 
lysosomal targeting signal, in the Golgi apparatus. 
Defects in a phosphotransferase initiating the synthe- 
sis of mannose-6-phosphate residues result in a de- 



fect in the targeting of lysosomal enzymes towards 
the lysosome. This causes an intracellular deficiency 
of many lysosomal enzymes. The diagnosis can be 
confirmed by abnormally high enzymatic activity of 
many lysosomal enzymes in blood plasma. Because of 
the mistargeting, these enzymes are directed out of 
the cell and end up in the blood plasma. Defects in the 
phosphotransferase cause mucolipidosis II (inclusion 
body or I cell disease) and III. Patients with mucolipi- 
doses II and III share clinical symptoms and bio- 
chemical characteristics with patients who have a 
mucopolysaccharidosis or a sphingolipidosis. Glyco- 
lipids as well as mucopolysaccharides accumulate in 
lysosomes in these diseases. Recently the primary 
defect in mucolipidosis IV was found to be in the 
MCOLN1 gene encoding for a protein, mucolipin 1. 
The function of the protein has not yet been fully 
characterized, and this disorder is therefore nonclas- 
sifiable (group G in Table 5.1). 

Among the lysosomal storage disorders multiple 
sulfatase deficiency is particularly interesting. In this 
disorder the activity of all lysosomal and nonlysoso- 
mal sulfatases is reduced. Since sulfate groups occur 
in many different molecules a complex mixture of 
compounds accumulates. The enzymatic activity de- 
pends on a formylglycine residue (F G i y ) in the active 
center of all sulfatases. This amino acid residue is gen- 
erated by a posttranslational modification from a cys- 
teine residue. Patients with multiple sulfatase defi- 
ciency have defects in the SUMF1 gene. The protein 
product of the SUMF1 gene is the F G i y -generating en- 
zyme (=FGE) localized in the lumen of the endoplas- 
mic reticulum. The function of this enzyme is to gen- 
erate the formylglycine residue in the catalytic center 
of the sulfatases. When this modifying reaction is de- 
fective the sulfatases remain inactive. This causes ac- 
cumulation of the various substrates. Therefore sev- 
eral compounds could be identified as storage mater- 
ial. The diagnosis can be established biochemically at 
the enzyme level by measuring various sulfatases in 
leukocytes, or preferably in fibroblasts. 



5.2.4 Defects in Structural 
Lysosomal Proteins 

Lysosomes have several structural proteins. Examples 
of such ubiquitous, highly glycosylated integral mem- 
brane proteins are LAMP1 and LAMP2 (LAMP = 
lysosome-associated membrane protein). They ac- 
count for about 50% of the protein content of the 
lysosomal membrane. Recently the primary defect of 
Danon disease has been assigned to the LAMP2 gene. 
This gene encodes LAMP2, which is thought to be a 
structural protein in the lysosome. This X-linked dis- 
ease is characterized by lysosomal glycogen storage 
leading to cardiomyopathy and myopathy in patients 
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with normal a-glucosidase activity. It is not fully clear 
how a defect in this protein can lead to accumulation 
of glycogen. It can be anticipated that several new 
lysosomal diseases in this subgroup will be found in 
the future. 



5.2.5 Defects in a Protective Protein 

Galactosialidosis is caused by a defect in cathepsin A. 
This protein has a dual function: it is not only a pro- 
tease, but also a protective protein. It combines with 
neuraminidase and p-galactosidase in an early 
biosynthetic compartment. By virtue of this associa- 
tion the complex is correctly delivered to the lyso- 
somes. In the lysosome, cathepsin A protects the neu- 
raminidase and p-galactosidase against rapid prote- 
olysis and inactivation. In the case of cathepsin A 
deficiency both enzymes are rapidly degraded and 
thus deficient. Sialyloligosaccharides accumulate in 
the lysosomes of affected patients and are also excret- 
ed in the urine. 



5.2.6 Defects in Transport and Trafficking 
of Substrates 

Lysosomal degradation of macromolecules leads to 
the formation of smaller molecules, which generally 
are exported from the lysosome towards the cyto- 
plasm. Some molecules require specific carriers to 
leave the lysosome. Defects in such carriers lead to ac- 
cumulation of the molecule involved within the lyso- 
some. Examples of such diseases are cystinosis and 
Salla disease. Cystinosis is characterized by intralyso- 
somal storage of the amino acid cystine and is caused 
by defective carrier-mediated transport of cystine 
across the lysosomal membrane. The protein in- 
volved is cystinosin. In Salla disease intralysosomal 
storage of sialic acid occurs, caused by a defect in its 
transport across the lysosomal membrane by the 
transporter sialin. 

Niemann-Pick disease type C is a lipid trafficking 
disorder. The majority of patients have mutations in 
the gene coding for the NPC1 protein. The postulated 
role for this protein involves modulation of the vesic- 
ular trafficking of cholesterol and glycolipids. Several 
lipids (sphingomyelin, phospholipids, glycolipids, 
and unesterified cholesterol) are stored in excess in 
the liver and spleen of these patients. Foam cells or 
sea blue histiocytes may be found in many tissues of 
affected patients. Primarily, the diagnosis requires the 
demonstration of excess cholesterol in fibroblasts 
with the so-called filipin staining test. In a small sub- 
group of patients with Niemann-Pick type C disease 
there are mutations in another gene coding for the 
NPC2 protein, a soluble lysosomal enzyme with un- 



known function that is thought to work in a coordi- 
nate fashion with NPC1 protein. 



5.3 Clinical Features and Diagnosis 

A full survey of clinical symptomatology of lysosomal 
diseases is beyond the scope of this chapter. A few 
characteristics or general features can clearly be un- 
derstood from the molecular basis of the diseases. 
Storage material often gives rise to organomegaly, for 
instance of liver or spleen. Another characteristic that 
may occur is the loss of acquired mental or motor 
skills in the course of time, which is due to an increase 
in storage material with time. Some clinical features, 
such as a cherry red spot in the retina or downward 
gaze paralysis, may be highly suggestive for lysosomal 
disease, and in some cases even pathognomonic for a 
specific disease. The same holds in the case of evi- 
dence for storage material in body fluids or tissues. 
Vacuolization may occur in peripheral white blood 
cells. The finding of sea blue histiocytes in bone mar- 
row should also be followed up with a thorough work- 
up for lysosomal diseases. As most cell types in the 
human body contain lysosomes, many tissues or cell 
types can be involved in lysosomal diseases. Often 
these diseases affect the CNS, resulting in neurode- 
generative disease. Others, such as Morquio and 
Pompe disease, leave the brain relatively unaffected. 
In general, the lysosomal diseases are multisystem 
diseases. Pyknodysostosis is an example of a disease 
in which the molecular defect, the deficiency of 
cathepsin K, seems to interfere predominantly with 
the function of only one cell type. Dysfunction of the 
osteoclast causes the clinical features of this disease. 

Most lysosomal diseases show significant clinical 
heterogeneity. The onset of clinical signs and symp- 
toms can occur in any decade of life, and even before 
birth. Hydrops fetalis has been observed as a presen- 
tation form in several lysosomal diseases. p-Glu- 
curonidase deficiency is an example of a disease that 
can present as early as this. The time of presentation 
can vary rather widely within one disease. Pompe dis- 
ease, for example, can have an early infantile onset: in 
such patients the course of the disease is invariably 
very severe and most of them die before the age of 
6 months. Other patients with Pompe disease have 
adult-onset forms of the disease and have milder 
symptoms. The concept for our understanding of this 
variability in clinical presentation lies in the residual 
activity of the enzyme in a specific patient. However, 
with the methodology currently available it is not 
possible to predict the disease course from the resid- 
ual activity in leukocytes or fibroblasts. 

In recent years numerous mutations of genes for 
proteins that are deficient in lysosomal storage dis- 
eases have been described, leading to a better under- 
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standing of the biochemical consequences of muta- 
tions. Severe mutations that truncate the protein or 
shift the reading frame thereby alter the primary 
structure of the protein so that it has no residual bio- 
logical activity. Such mutations almost always result 
in a severe clinical phenotype. In lysosomal storage 
diseases missense mutations are the most frequent. 
Often missense mutations lead to misfolded enzymes, 
which are not transported to the lysosomes but are 
retained and degraded in the endoplasmic reticulum. 
Alternatively, defective enzymes may still be sorted 
properly but become rapidly degraded on arrival in 
the lysosome. Mutations can be located in the active 
center of an enzyme or indirectly influence the cat- 
alytic activity of the enzyme. In some cases a combi- 
nation of these effects is the cause of enzyme defi- 
ciency. Missense mutations can influence the catalyt- 
ic activity of the enzyme as badly as truncating muta- 
tions. When they occur in less relevant parts of the 
coding region they may allow residual activity, result- 
ing in a milder clinical phenotype. It is not always 
possible to show a clear genotype-phenotype rela- 
tion. Most lysosomal diseases have an autosomal 
recessive mode of inheritance. Few diseases have an 
X-chromosomal inheritance. Fabry, Danon, and 
Hunter diseases are examples. Males have more se- 
vere clinical symptoms, as they only have one X chro- 
mosome. However, female carriers (=XX) can also 
have clinical symptoms of the disease because of un- 
even X inactivation (lyonization). 

To confirm a clinical suspicion of a lysosomal dis- 
ease at the biochemical level various approaches can 
be used as diagnostic strategy. In some lysosomal dis- 
eases undegraded substrates can be found in the 
urine. Investigations of urine samples are therefore 
often used as a first step towards establishing the 



diagnosis. An increased concentration of urinary 
mucopolysaccharides can be found in the mu- 
copolysaccharidoses. Subsequent electrophoresis of 
mucopolysaccharides will show which subtype of the 
mucopolysaccharides the patient cannot adequately 
degrade. Defects in mucopolysaccharide catabolism 
can affect the breakdown of heparan sulfate, der- 
matan sulfate, chondroitin sulfate, keratan sulfate, or 
hyaluronan. The result of electrophoresis will give a 
clue to the defective enzyme. Abnormal urinary 
oligosaccharides are present in the disorders of glyco- 
protein degradation shown in Table 5.1. Thin layer 
chromatography of oligosaccharides is also diagnos- 
tic in infantile Pompe disease, where a tetraglucoside 
deriving from glycogen accumulates in the urine. In 
late-onset Pompe disease this tetraglucoside is gener- 
ally not found in the urine and other techniques are 
necessary to establish the diagnosis. In some diseases, 
then, accumulating material cannot be detected in the 
urine, and for some diseases the techniques that 
would be required to diagnose them at the metabolite 
level are too time consuming. This is the case for the 
lipidoses, defects in activator proteins, and the NCLs, 
for instance. In such cases direct enzyme analysis in 
leukocytes is often used as a first step in establishing 
the diagnosis. Cultured skin fibroblasts can generally 
also be used to confirm the diagnosis. A further test 
that may be relevant to the demonstration of lysoso- 
mal involvement is measurement of the activity of 
chitotriosidase. This enzyme is secreted by activated 
macrophages. In several lysosomal diseases increased 
chitotriosidase activity can be used as a nonspecific 
diagnostic marker. 

The chapters below discuss only those lysosomal 
storage disorders that are accompanied by a white 
matter disorder. 



Chapter 6 

Metachromatic Leukodystrophy 



6.1 Clinical Features 

and Laboratory Investigations 

Metachromatic leukodystrophy (MLD) is an autoso- 
mal recessive progressive disorder. Its incidence is 
estimated to be 1:40,000. The disease can be divided 
into three subtypes: the late infantile (40% of the pa- 
tients with MLD), juvenile (40%), and adult (20%) 
variants. This subdivision is based on the age at onset, 
the duration, and the clinical picture of the disease. As 
a rule, only one variant of MLD occurs within one 
family, although exceptions have been reported. 

The age of onset in the late infantile variant varies 
between 6 months and 3 years. Of the different sub- 
types, this variant is the one that shows the greatest 
uniformity with regard to clinical picture and course 
of disease. Most children learn to sit and walk with 
support normally, but show a delay in walking unaid- 
ed. The first symptom is usually an unsteady gait due 
to muscle hypotonia. There are signs of a progressive 
polyneuropathy, ending in a generalized flaccid pare- 
sis of the arms and legs and a loss of tendon reflexes. 
The neuropathy may be painful. Cerebellar ataxia is 
also often an early sign. Nystagmus is usually present. 
Speech development is disturbed and dysarthria be- 
comes manifest. Mental development stagnates and 
regression occurs. Gradually, involvement of the 
pyramidal system causes the flaccid paresis to be su- 
perseded by a spastic tetraplegia with abnormal re- 
flexes, such as extensor plantar reflexes, but deep ten- 
don reflexes are absent. Bulbar and pseudobulbar 
symptoms develop, leading to feeding difficulties. 
Speech is affected, and the child eventually becomes 
mute. Optic atrophy with impaired vision is present. 
Epileptic seizures occur in about 25% of the children. 
Eventually the child becomes blind and completely 
tetraplegic in a decerebrate state without purposeful 
movements. This final stage may last for several years. 
Death usually occurs about 5 years after the onset of 
clinical symptoms. 

The age of onset in the juvenile variant ranges from 
4 to 16 years. The disease occurs in apparently 
healthy, intellectually normal children. Early signs are 
a gradual deterioration in school performance, lan- 
guage regression, and clumsiness. There are usually 
also emotional and behavioral disturbances. These 
symptoms may be present for several months and up 
to a year before the onset of other neurological signs. 
A spastic paresis and cerebellar ataxia gradually de- 



velop. On rare occasions the clinical picture is domi- 
nated by extrapyramidal features. Clinical symptoms 
of a peripheral neuropathy are often lacking, and 
deep tendon reflexes are usually brisk. Optic atrophy 
develops. Seizures occur in about 50% of the patients. 
Eventually complete tetraplegia with decerebration 
posture, brain stem dysfunction, and profound de- 
mentia evolves. Death usually occurs 5-10 years after 
onset. 

Some authors prefer to divide the juvenile variant 
into two subgroups. An early juvenile variant has its 
onset between 4 and 6 years. The clinical symptoma- 
tology resembles that of the late infantile variant, 
showing gait disturbance and other motor dysfunc- 
tion as early manifestations. The late juvenile variant 
has its onset between 6 and 16 years. In the clinical 
symptomatology, behavioral abnormalities, poor 
school performance, and language regression pre- 
dominate as early abnormalities. 

The adult form usually reveals itself between 16 
and 30 years. Onset of the disease at 60 years or later 
has also been described. Most patients experience a 
gradual decline in intellectual abilities. At onset the 
clinical picture is often dominated by emotional labil- 
ity, behavioral abnormalities, or psychiatric symp- 
toms such as delusions and hallucinations. It is not 
uncommon for the patient to be treated initially for 
schizophrenia or a psychotic depression. After sever- 
al months or years progressive spastic paresis of the 
arms and legs develops, with increased tendon reflex- 
es and extensor plantar reflexes. Cerebellar ataxia and 
such extrapyramidal features as choreiform move- 
ments and dystonia may be present. Signs of periph- 
eral neuropathy are often absent, although flaccid 
tetraparesis may occur in the terminal stage. Optic at- 
rophy and signs of bulbar dysfunction may appear. 
Epileptic seizures are rare. A state of severe dementia 
gradually develops. The patient loses contact with the 
surroundings and lies in a decorticate or decerebrate 
posture; eventually a persistent vegetative state is 
reached. The duration of the disease varies from a few 
years to 15 years and longer. Although a rapid deteri- 
oration is seen in some patients, in most cases pro- 
gression is slow over a period of years. Another, more 
rare presentation in adults is dominated by signs of a 
peripheral neuropathy. 

CSF protein is elevated in the late infantile form 
and in most juvenile cases. In the adult form, CSF pro- 
tein this is less often the case. The EEG is normal at 
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the beginning of the disease. At later stages it shows 
nonspecific abnormalities in the form of slowing of 
the background pattern, often together with paroxys- 
mal or epileptiform activity. In the infantile and juve- 
nile variants, the conduction velocity of peripheral 
nerves is markedly reduced. Particularly in adults, 
however, the nerve conduction velocity may be nor- 
mal. 

In all patients urinary sulfatide excretion is in- 
creased. The activity of arylsulfatase A in urine and in 
peripheral leukocytes is low, but maybe normal in ex- 
ceptional cases of activator deficiency (see below). In 
all cases of MLD a decreased catabolism of exogenous 
sulfatide by cultured fibroblasts can be demonstrated. 
In this test sulfatide is radiolabeled and added to cul- 
tured fibroblasts. The uptake of label by cells with 
subsequent metabolism is measured at frequent in- 
tervals. This procedure is not performed routinely, 
but only in specific situations. The definitive diagno- 
sis of MLD is based on the determination of the activ- 
ity of arylsulfatase A in peripheral leukocytes or fi- 
broblasts. The diagnostic reliability of this test is 
hampered by the relatively frequent occurrence of so- 
called pseudodeficiency. In this condition low aryl- 
sulfatase A activity is found without associated clini- 
cal signs of MLD (see also section 6.4). For this rea- 
son, sulfatide excretion in urine should be used to 
confirm the diagnosis of MLD. It is increased in all 
cases of MLD, but normal in pseudodeficiency. DNA 
analysis is another option. 

In cases in which symptoms are strongly sugges- 
tive of MLD and the enzyme activity in peripheral 
leukocytes is normal, deficiency of arylsulfatase A ac- 
tivator protein can be surmised. Additional tests then 
include the measurement of urinary sulfatides and 
the assessment of fibroblast sulfatide catabolism. A 
sural nerve biopsy can be performed to demonstrate 
the deposition of metachromatic material. 

Determination of the enzyme activity in cultured 
chorionic villi or cultured amniotic fluid cells allows 
prenatal diagnosis. Assessment of sulfatide catabo- 
lism can be performed in amniotic fluid cells or fetal 
fibroblasts. DNA-based prenatal diagnosis is also an 
option. The detection of heterozygotes by determin- 
ing enzyme activity in leukocytes and DNA tech- 
niques facilitates genetic counseling. 



6.2 Pathology 

Gross inspection of the brain reveals quite a firm con- 
sistency in most cases. The brain may be enlarged and 
heavier than normal, but in later stages reduced size 
is usually found. The cut surface shows discoloration 
of the white matter. 



Initially, the involvement of the white matter in 
MLD is patchy, but after some time all the white mat- 
ter is affected, often in a symmetrical fashion, so that 
the demyelinated lesions of the two hemispheres have 
a butterfly configuration. Sometimes, in cases of long 
duration, the white matter is reduced to a narrow 
strip 1-2 cm in diameter and shrinkage of the white 
matter has led to enlargement of the ventricles. De- 
myelination occurs predominantly in the cerebral 
hemispheres, especially in the centrum semiovale. 
Demyelination tends to be most intense in the 
periventricular area, diminishing towards the surface; 
the arcuate fibers are relatively spared. The internal 
capsule, cerebral peduncles in the midbrain, pyrami- 
dal tracts in the pons, and pyramids in the medulla 
are severely affected, but other brain stem tracts are 
usually only moderately or slightly demyelinated. The 
cerebellar white matter can also be demyelinated, but 
usually less so than the cerebral white matter. 

Microscopic examination shows demyelination 
with paucity or complete loss of myelin from affected 
areas. Axons are relatively spared, but their density is 
reduced in severely affected areas. There is prolifera- 
tion of astrocytes with fibrous gliosis. At the edge of 
affected areas and scattered throughout the lesions 
there are macrophages that contain the specific 
degradation products. Usually oligodendroglia are 
absent from lesions and are reduced in number even 
in areas where the myelin is still intact. No inflamma- 
tory cells are present in the lesions. 

MLD is characterized by the deposition of 
metachromatically staining material in the white 
matter. The term < metachromasia > designates the phe- 
nomenon of certain cationic dyes changing their col- 
or from blue to pink or brown when bound to certain 
anionic groups present in several organic com- 
pounds. In MLD, sulfatides are the organic com- 
pounds responsible for the metachromasia. The 
metachromatic material is mainly stored in the cyto- 
plasm of the proliferated glial cells and macrophages, 
although some is also found in the oligodendroglia 
cells, in the neurons of cranial nerve nuclei, basal gan- 
glia, and spinal cord, and seemingly extracellularly as 
free granules in the white matter. The greatest densi- 
ty of metachromatic deposits is seen in macrophages 
in perivascular spaces. 

The cerebral cortex is relatively intact. Loss of neu- 
rons is slight or absent. The cortical neurons contain 
no metachromatic material. The cerebellar cortex is 
normal or may show a diffuse loss of granular cells. A 
decrease in the number of Purkinje cells may occur. 
In certain areas, metachromatic granular material is 
stored in the neuronal perikarya, although rarely in 
large amounts. Neuronal metachromatic deposits are 
preferentially found in the globus pallidus, thalamus, 
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subthalamic nucleus, hypothalamus, geniculate nu- 
cleus, amygdala, and dentate nucleus. The cerebral 
and cerebellar cortex, claustrum, and caudate nucle- 
us, and also certain brain stem nuclei, tend to be 
spared. 

Electron microscopy demonstrates inclusions 
bounded by a membrane of lysosomal origin. The 
morphological organization of the material varies in 
appearance, probably because of a difference in the 
lipid composition or in the physicochemical state of 
the lipids. Prismatic and tuffstone-like profiles are 
characteristic. In addition to the inclusions that stain 
metachromatically on light microscopic examination, 
lamellar inclusions are present in glial cells formed 
from fragments of degenerated myelin. The 'extracel- 
lular' deposits of metachromatic material described 
in light microscopic studies appear to be cytoplasmic 
processes containing inclusions in electron mi- 
croscopy. 

In MLD the peripheral nerves are affected by seg- 
mental demyelination. Signs of remyelination may be 
found. Metachromatic material is present in Schwann 
cells and macrophages. 

Not only are there neuropathological changes in 
MLD, but also visceral abnormalities. Outside the 
CNS, metachromatic material is found in the liver, 
spleen and lymph nodes, gallbladder, pancreas, kid- 
neys, adrenal glands, ovaries, ganglion cells of the 
retina, and leukocytes of peripheral blood and bone 
marrow. Storage in these organs is limited to certain 
cell types. Visceral accumulations are not accompa- 
nied by further morphological changes or obvious 
clinical dysfunction. Although MLD becomes mani- 
fest only with neurological abnormalities, it is clear 
that it is a generalized metabolic disorder. 



6.3 Chemical Pathology 

Biochemical analysis of the white matter shows a 
greatly increased amount of sulfatide with a concomi- 
tant decrease in cerebroside as the major chemical 
abnormality. Whereas in normal white matter the ra- 
tio of cerebroside to sulfatide is approximately 4 : 1, in 
MLD it can be below 1. There is not only evidence that 
the membrane-bound deposits seen in this disease 
contain sulfatide, but also that myelin, which still ap- 
pears normal ultrastructurally, has an abnormally 
high sulfatide content. Other biochemical changes in 
the white matter are a consequence of loss of myelin 
with a decrease in cholesterol, phospholipid, and gly- 
colipids other than sulfatides. There is no increase in 
cholesterol esters. There are relatively few chemical 
changes in gray matter. 



6.4 Pathogenetic Considerations 

MLD is a sphingolipidosis caused by deficient activi- 
ty of the lysosomal enzyme arylsulfatase A (= cere- 
broside-3-sulfate sulfatase = cerebroside-3-sulfate-3- 
sulfohydrolase = sulfatide sulfatase). This enzyme 
catalyzes the hydrolysis of sulfatide, the sulfate ester 
of cerebroside. Desulfation is the first step in the 
metabolic degradation of sulfatides. Following this 
sulfate cleavage, cerebroside is then degraded by cere- 
broside galactosidase. 

The three clinical forms of the disease (late infan- 
tile, juvenile, and adult onset) can be explained in part 
by different levels of residual enzyme activity. The 
arylsulfatase A gene, ARSA, is located on chromo- 
some 22ql3.3. Many different mutations have been 
found in the MLD gene. There is evidence of a geno- 
type-phenotype correlation in MLD. Some mutations 
have been exclusively associated with either the in- 
fantile-onset or the later onset variants of the disease. 
Patients with two mutations that cause complete loss 
of enzyme activity always suffer from the early-onset 
form of the disease; patients with two mutations that 
lead to a low residual enzyme activity usually have the 
adult-onset form of the disease, whereas patients who 
are compound heterozygous for 'severe' and 'mild' 
mutations usually have intermediate phenotypes. 

Individuals have been found with low (approxi- 
mately 10-20%) arylsulfatase A activity but no clini- 
cal abnormalities. This is called arylsulfatase A pseu- 
dodeficiency. Individuals who are compound het- 
erozygotes for the pseudodeficiency (PD) mutation 
and an MLD mutation have 6-10 % residual arylsulfa- 
tase A activity but do not develop MLD. Thus, arylsul- 
fatase A activities only slightly higher than those 
encountered in patients with two mild mutations 
(2-5 %) are sufficient to sustain a normal phenotype. 

Pseudodeficiency for arylsulfatase A causes diag- 
nostic problems Pseudodeficiency is related to two 
common polymorphisms, which are usually found 
together. These mutations can reduce arylsulfatase A 
activity to 10% of its control level, but do not lead to 
clinical symptoms. The allele frequency for pseudo- 
deficiency is much higher (7-15%) than the MLD 
allele frequency (0.5 %). Because homozygous pseudo- 
deficiency is frequent (0.5-2 % of the population), it is 
not uncommon for patients with pseudodeficiency 
and neurological symptoms of unknown origin to be 
misdiagnosed as having MLD. There are also serious 
problems with prenatal diagnosis of MLD in families 
in which the parents carry an MLD allele and a pseudo- 
deficiency allele: MLD and pseudodeficiency cannot 
be distinguished on the basis of enzyme activity de- 
terminations using artificial substrates. Measurement 
of sulfatide excretion in urine and assays measuring 
the in vivo degradation of sulfatide in cultured fibro- 
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blasts allow the distinction between MLD and pseudo- 
deficiency. Both are abnormal in MLD and normal in 
pseudodeficiency. Demonstration of metachromatic 
material in a sural nerve biopsy is also diagnostic for 
MLD. Alternatively, the pseudodeficiency allele can be 
determined directly by DNA techniques, on the basis 
of knowledge of the underlying sequence alterations. 
A problem encountered with this technique, however, 
is that given the high frequency of the pseudodefi- 
ciency allele, MLD mutations may also occur within 
the pseudodeficiency allele, rendering it nonfunc- 
tional. The frequency of MLD mutations in the nor- 
mal and the pseudodeficiency allele is similar, so that 
0.5% of the pseudodeficiency alleles harbors an MLD 
mutation. This finding calls for caution in the diagno- 
sis of pseudodeficiency by DNA tests detecting the 
mutations of the pseudodeficiency allele. There is 
evidence that pseudodeficiency mutations may con- 
tribute to the phenotype when concurrent with dis- 
ease causing mutations. Mutations that cause the lat- 
er onset forms of MLD when they occur in the normal 
arylsulfatase A gene may lead to a more severe form 
when they occur in the pseudodeficiency gene. 

A small subgroup of MLD patients are not defi- 
cient in arylsulfatase A, but in an activator protein 
that is essential for the enzymatic action of arylsulfa- 
tase A. The gene for the precursor of this protein, 
PSAP, is located on chromosome 10q22.1. This gene 
has been shown to code for a large precursor 
polypeptide, prosaposin, which is processed to yield 
four different activator proteins. Sphingolipid activa- 
tor protein B, also called saposin B, SAP-B, or SAP-1, 
activates the hydrolysis of sulfatide by arylsulfatase A. 
In addition, it activates the hydrolysis of GM r gan- 
glioside and globotriaosyl ceramide by p-galactosi- 
dase and a-galactosidase, respectively. The protein 
interacts with the substrate and solubilizes it for en- 
zymatic hydrolysis. The deficiency of SAP-B causes a 
disease clinically resembling juvenile or late infantile 
MLD, but with histochemical and ultrastructural 
evidence of storage of gangliosides and other glyco- 
sphingolipids. The diagnosis is established in these 
cases by revealing metachromatic material in sural 
nerve biopsy, by finding an increased urinary sul- 
fatide excretion, and by demonstrating deficient 
turnover of sulfatide in the loading test in cultured 
fibroblasts, all in the presence of normal arylsulfatase 
A activity. It can be shown in cultured fibroblasts that 
the defect in sulfatide catabolism can be corrected by 
adding activator protein. Deficient turnover of the 
other glycosphingolipids can also be shown in load- 
ing tests in fibroblasts. 

Sulfatides are membrane lipids. They are impor- 
tant constituents of cell membranes, including myelin 
sheaths. Within the cell they are present in the mem- 



branes of organelles. Sulfatide is predominantly pre- 
sent in membranes of myelin-producing cells and in 
myelin. The amount of this substance normally pre- 
sent in membranes of other organs is much lower. As 
a result of the block in catabolism, sulfatides accumu- 
late in tissues that normally synthesize them. In the 
first place, they accumulate in membranes of myelin- 
producing cells and myelin sheaths, and within the 
lysosomes of these cells. The membrane build-up is 
basically normal in MLD. It is the membrane turnover 
that is abnormal. Sulfatide cannot be degraded and is 
trapped in the membrane. Simultaneously, the cere- 
broside content decreases as the conversion of sul- 
fatide to cerebroside is impeded. 

A number of pathogenetic mechanisms have been 
invoked to explain the demyelination in MLD. One of 
them is the fact that the myelin composition in MLD 
becomes increasingly abnormal and that therefore 
myelin possibly becomes increasingly unstable. As 
soon as the disturbance of the normal physicochemi- 
cal stability reaches a critical point, demyelination 
starts. Another explanation proposed is that lysoso- 
mal storage of sulfatides in oligodendroglia and 
Schwann cells leads to cellular dysfunction and death, 
resulting in loss of all myelin sheaths maintained by 
these cells. Indeed, changes in the subcellular or- 
ganelles, especially an increase in the numbers of 
lysosomes of these cells, have been observed before 
the detection of any morphological abnormalities in 
the myelin sheaths associated with them. A third 
mechanism that has been proposed is that sulfogalac- 
tosylsphingosine, a compound closely related to the 
cytotoxic compound galactosylsphingosine or psy- 
chosine in globoid cell leukodystrophy, might accu- 
mulate and cause the death of oligodendrocytes and 
Schwann cells. However, there is no evidence for the 
enzymatic conversion of sulfatide to sulfogalactosyl- 
sphingosine, and the concentration of this substance 
is not elevated in MLD. 

The sulfatide accumulation in other organs (kid- 
ney, liver, pancreas, adrenal, gallbladder and intestinal 
tract) does not lead to impairment of functions. Only 
the gallbladder shows progressive functional impair- 
ment attributable to sulfatide accumulation, but 
gallbladder disease does not contribute to the fatal 
outcome of MLD. The tolerance of these tissues 
for sulfatides may be related to the fact that these 
organs have an excretory function and can discharge 
the accumulating lipid from the cell into urine, bile, 
or other fluids. Another important factor is that the 
sulfatide content of the cellular membranes in these 
organs is normally much lower than that of the 
myelin membrane, which has a remarkably high 
content of galactosphingolipids (cerebroside and sul- 
fatide). 
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6.5 Therapy 

Various forms of therapy have been attempted in an 
effort to alter the natural course of the disease, but 
with little success. Diets low in vitamin A or in sulfur 
(both substances are necessary for the synthesis of 
sulfatide) have failed to have any favorable effects. 
After intravenous and intrathecal infusion of arylsul- 
fatase A the enzyme does not enter the brain, and no 
clinical benefit has been seen. Increasing numbers of 
patients have received hematopoietic stem cell trans- 
plants in attempts to correct their low cerebral aryl- 
sulfatase A levels and repair or retard their CNS dete- 
rioration. The results appear to depend largely on the 
stage of disease at transplantation and the rate of dis- 
ease progression. The results of transplantation in the 
presymptomatic or early symptomatic stage are bet- 
ter than those of transplantation in the fully sympto- 
matic stage of the disease with decreasing verbal and 
performance IQs. The chances are better in the late- 
onset cases, in which disease progression is slower. 
Stabilization and reversal of MRI abnormalities have 
been described, as has clinical improvement or ar- 
rested progression. However, slow progression de- 
spite successful engraftment has also been observed. 
The chances of stabilization or improvement have to 
be weighed against the possibility of major complica- 
tions and death during or after the transplantation. 
The general experience is that hematopoietic stem 
cell transplantation has little or no beneficial effect on 
the polyneuropathy. Gene therapy still has to be test- 
ed in the clinical situation. 



6.6 Magnetic Resonance Imaging 

The CT scan findings in MLD are symmetrical, dif- 
fuse decreases in the density of cerebral white matter, 
with little evidence of cerebral atrophy until the later 
stages. Hypodensity of the cerebellar white matter 
has been observed less frequently. No contrast en- 
hancement has been found. 

Probably the first abnormalities to be noted on 
MRI are in the corpus callosum (Fig. 6.1). Subse- 
quently, MRI discloses periventricular white matter 
abnormalities, with a more or less symmetrical distri- 
bution. The white matter lesions are highly confluent. 
In later onset cases involvement is often predomi- 
nantly frontal, whereas in early-onset cases occipital 
predominance can be observed. However, in all vari- 
ants the cerebral white matter tends to become dif- 
fusely affected. The arcuate fibers are relatively 
spared, but become involved in the later stages. Typi- 
cally, a pattern of radiating stripes with a signal inten- 
sity closer to normal is seen within the abnormal 
cerebral white matter (Fig. 6.2). On microscopic ex- 
amination, this radiating pattern is explained by the 
accumulation of products of myelin breakdown in 
perivascular macrophages and some sparing of 
myelin sheaths. This pattern is not evident in all cases 
(Figs. 6.3, 6.4), and it is lacking especially in far ad- 
vanced cases with serious white matter atrophy 
(Fig. 6.5). The corpus callosum is invariably affected, 
connecting the lesions from both sides. Cerebral 
white matter atrophy occurs in advanced stages 
(Fig. 6.5). The posterior limb of the internal capsule 
becomes involved. Brain stem lesions are observed 




Fig. 6.1 . MRI in a 5 1 /2-year-old boy, who was diagnosed with 
metachromatic leukodystrophy (MLD) and extensive white 
matter abnormalities 3 years later.The areas of higher signal in 
the deep parietal white matter are often seen as a nonspecific 
finding, but the lesion in the splenium of the corpus callosum 



should have been accepted as a warning against this inter- 
pretation. Courtesy of Dr. M.A.A.P Willemsen, Department of 
Pediatric Neurology, University Medical Center Nijmegen,The 
Netherlands 
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Fig. 6.2. A case of juvenile MLD in a 6-year-old girl. The cere- 
bral white matter is diffusely involved, with sparing of the U 
fibers. Within the affected white matter a pattern of radiating 
stripes is seen of more normal signal intensity (low on T 2 - 



weighted images, high on ^-weighted images). The corpus 
callosum, posterior limb of the internal capsule,and pyramidal 
tracts in the brain stem are involved 



bilaterally in the pyramidal tracts, especially in the 
more advanced cases (Fig. 6.4). Some patients show 
involvement of the cerebellar white matter. No con- 
trast enhancement is seen. Gray matter lesions are 
never conspicuous. Subtle abnormalities in signal 
intensity and atrophy of the basal nuclei have been 
observed. 



The condition has to be differentiated from 
globoid cell leukodystrophy (Krabbe disease), the 
cerebral form of X-linked adrenoleukodystrophy, and 
inflammatory white matter disorders (acute demyeli- 
nating encephalomyelitis). The same pattern of radi- 
ating lines with a more normal signal intensity with- 
in extensive confluent white matter abnormalities can 



80 Chapter 6 Metachromatic Leukodystrophy 




Fig. 6.3. A case of juvenile MLD in an 8-year-old girl. There is no evident stripe-like pattern 




Fig. 6.4. An 1 8-year-old female patient with adolescent-onset MLD. Note the corticospinal tract involvement 



be seen in globoid cell leukodystrophy, and in these 
cases the MRI abnormalities are indistinguishable 
from those in MLD. In early-onset globoid cell 
leukodystrophy, the cerebral atrophy is usually more 
pronounced and there are typically areas with in- 
creased density on CT in the cerebellum, thalamus, 
internal capsule, and corona radiata, which have nev- 



er been observed in MLD. Contrast enhancement is 
generally present in the acute stage of inflammatory 
disorders. It is also present in most patients with pa- 
tients with cerebral X-linked leukodystrophy. In cere- 
bral X-linked adrenoleukodystrophy an occipital pre- 
ponderance occurs most frequently, whereas MLD 
tends to have a frontal preponderance in juvenile and 
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Fig. 6.5. In this MR series of a 29-year-old male with adult-on- 
set MLD, extensive periventricular white matter abnormalities 
are seen, with serious atrophy. There is some frontal predomi- 



nance of the abnormalities.The U fibers are still largely spared. 
Note the involvement of the corticospinal tracts in this case 
too 



adult variants. The two zones typically present in 
cerebral X-linked adrenoleuko dystrophy lesions are 
not present in MLD. In inflammatory disorders the 
demyelinating process is usually not perfectly sym- 
metrical and the cortex is often not completely pre- 
served. 



Chapter 7 

Multiple Sulfatase Deficiency 



7.1 Clinical Features 

and Laboratory Investigations 

Multiple sulfatase deficiency (MSD) is a very rare dis- 
order with an autosomal recessive mode of inheri- 
tance. It occurs with a prevalence of about 1 in 1 .4 mil- 
lion births. The disease combines the features of 
metachromatic leukodystrophy and mucopolysac- 
charidosis. It is also called mucosulfatidosis, Austin 
variant or variant O. Three different types of MSD 
have been described: a neonatal form, an early-child- 
hood form and a very rare juvenile form. 

The early-childhood form is the usual, or classic, 
form of MSD. The clinical features are those of infan- 
tile metachromatic leukodystrophy with mild signs of 
mucopolysaccharidosis. Early development can be 
normal or delayed. Affected children usually acquire 
the ability to stand and to say a few words, but their 
development is less well advanced in the presympto- 
matic period than that of children with infantile 
metachromatic leukodystrophy. During the 2nd year 
of life the children develop signs of a progressive en- 
cephalopathy with loss of acquired abilities, progres- 
sive dementia, spasticity, microcephaly, blindness, 
hearing loss, and difficulties in swallowing. Tendon 
reflexes are variable. In the final stages there is often 
areflexia caused by the peripheral neuropathy. Fea- 
tures similar to those of mucopolysaccharidosis may 
occur early or later in the course of the disease. These 
include ichthyosis, mild coarsening of the facial fea- 
tures, hep ato splenomegaly, stiff joints, growth retar- 
dation, and skeletal anomalies. Hydrocephalus may 
occur. There is no corneal clouding. Optic atrophy, 
cherry-red macula, and retinal degeneration also oc- 
cur in some cases. Death usually occurs when patients 
are between 10 and 18 years of age. 

The neonatal form presents at birth with severe 
features suggestive of mucopolysaccharidosis, such 
as facial dysmorphism, short neck, corneal clouding, 
ichthyosis, cardiac valvular involvement, hepato- 
splenomegaly, and severe dysostosis multiplex. 
The children affected have macro cephaly caused 
by hydrocephalus. They have signs of a severe en- 
cephalopathy, with early death, usually before the end 
of the 1st year of life. A Saudi variant of the neonatal 
type of MSD has been described, with mild to moder- 
ate mental retardation, cranial synostosis and conse- 
quent deformities, and cervical cord compression or 
transection due to vertebral abnormalities. Severe 



facial dysmorphism, corneal clouding, hepatospleno- 
megaly, dwarfism, severe dysostosis multiplex, and 
hirsutism are present, but no ichthyosis, no retinal de- 
generation, no deafness, and no progressive demen- 
tia. Some patients are macrocephalic, but they are 
rarely hydrocephalic. Some suffer from cardiac valvu- 
lar involvement. 

A rare juvenile type of MSD has been reported 
with onset in childhood. The disease is characterized 
by short stature, ichthyosis, hepatomegaly, moderate 
dysostosis multiplex and slowly progressive neuro- 
logical abnormalities consisting of dementia, ataxia, 
quadriplegia, retinal degeneration, and blindness. 
Corneal clouding is not present. 

Additional investigations show changes on bone 
X-ray, such as a J-shaped sella turcica, structural 
changes in vertebral bodies, scoliosis, gibbus, flared 
ribs, broad phalanges, abnormal metacarpals and, in 
the Saudi variant, synostosis of cranial sutures. Large 
basophilic to azurophilic granules are seen in lym- 
phocytes of bone marrow and peripheral blood. 
There is an increased urinary content of sulfatide and 
mucopolysaccharides, including dermatan sulfate 
and heparan sulfate. CSF protein is increased. Nerve 
conduction velocity is slowed. 

Diagnosis is established by demonstrating a defi- 
ciency of arylsulfatases A, B, and C and a number 
of sulfatases necessary in the degradation of mu- 
copolysaccharides. Prenatal diagnosis can be made by 
demonstrating markedly reduced activities of sulfa- 
tases in cultured amniotic cells or chorionic villi. 
DNA-based diagnostic procedures are also possible. 



7.2 Pathology 

Pathological findings in MSD are those that might 
be expected in a combination of metachromatic 
leukodystrophy and mucopolysaccharidosis. There is 
widespread neuronal lipid storage in the cortex and 
subcortical gray matter structures. The storage is 
lysosomal. The neuronal deposits are finely granular 
and PAS positive, with slight reddish to purple 
metachromasia. On electron microscopy, neuronal in- 
clusions range in configuration from zebra bodies, 
which are typically seen in mucopolysaccharidoses, 
to membranous cytoplasmic bodies such as are seen 
in neuronal gangliosidoses. There is loss of neurons 
in cerebral and cerebellar cortex and cortical atrophy. 
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The white matter shows demyelination with deposi- 
tion of metachromatic material, oligodendroglial 
loss, relative axonal preservation, and marked gliosis. 
The U fibers are relatively spared. Mucopolysaccha- 
rides are stored in perivascular mesenchymal tissue, 
which may lead to the formation of macroscopically 
visible pseudocystic cavities. Meninges are thickened 
and cloudy. Obliteration of the subarachnoid spaces 
can lead to hydrocephalus. Abnormalities in periph- 
eral nerves are typical of metachromatic leukodystro- 
phy. 



from the lack of a posttranslational modification that 
is common to all sulfatases. The reduced activity of 
the enzymes is caused by a defect in the modification 
of a conserved cysteine residue to form formyl- 
glycine. The modification of the cysteine residue ap- 
pears to be a prerequisite for the catalytic activity of 
sulfatases. 

The gene mutated in MSD is SUMFl y which is 
located on chromosome 3p26. SUMF1, standing for 
sulfatase-modifying factor 1, encodes the protein 
for mylglycine -generating enzyme (FGE). 



7.3 Chemical Pathology 

Chemical analysis of the brain has shown increases in 
sulfatide, sulfated steroids (e.g. cholesterol sulfate), 
gangliosides, and mucopolysaccharides. The lipids 
stored in the white matter are predominantly sul- 
fatides, while those stored in the gray matter are 
predominantly gangliosides and mucopolysaccha- 
rides. 



7.4 Pathogenetic Considerations 

In MSD activity of all known sulfatases is found to be 
reduced, including arylsulfatase A (metachromatic 
leukodystrophy), arylsulfatase B = AT-acetylgalac- 
tosamine-4-sulfatase (Maroteaux-Lamy syndrome), 
arylsulfatase C = steroid sulfatase (X-linked ichthyo- 
sis), AT-acetylgalactosamine-6-sulfate sulfatase (Mor- 
quio syndrome type A), heparan sulfate sulfatase 
(Sanfilippo A), iduronate-2-sulfate sulfatase (Hunter 
syndrome), AT-acetylglucosamine-6-sulfate sulfatase 
(Sanfilippo D), and some other sulfatases. The resid- 
ual activities of the sulfatases vary considerably in fi- 
broblast lines from different patients. The lysosomal 
storage of sulfatides, mucopolysaccharides and sul- 
fated steroids is a direct consequence of the enzyme 
deficiencies mentioned. The accumulation of gan- 
gliosides may be caused by inhibition of other lysoso- 
mal hydrolases due to the present lysosomal storage. 
It is probable that the different phenotypic expres- 
sions of MSD are due to differences in relative resid- 
ual activity of the various enzymes. 

The genes coding for the various deficient sulfa- 
tases are intact. The rate of synthesis of various sulfa- 
tases is normal in MSD, but they are degraded at an 
enhanced rate. The deficiency of the sulfatases results 



7.5 Therapy 

No effective form of treatment is known. 

7.6 Magnetic Resonance Imaging 

Imaging findings are scarce in MSD. In the classic ear- 
ly-childhood variant images are indistinguishable 
from those of infantile and juvenile metachromatic 
leukodystrophy with severe cerebral white matter ab- 
normalities. The corpus callosum and long corti- 
cospinal tracts are also involved. The cerebellar white 
matter can be abnormal, but is not in all cases. In 
some patients a pattern of radiating stripes of more 
normal signal intensity is seen within the affected 
cerebral white matter (Fig. 7.1). In these patients the 
images are indistinguishable from those seen in 
metachromatic leukodystrophy. However, these 
stripes are not seen in all patients (Fig. 7.2). In the lat- 
er stages of the disease severe white matter atrophy is 
seen (Fig. 7.2). 

In the neonatal form of MSD more variable white 
matter involvement has been described. Myelination 
is delayed. In addition, scattered, small high- signal- 
intensity spots are sometimes seen in the white 
matter, which are more suggestive of mucopolysac- 
charidosis than of metachromatic leukodystrophy 
(Fig. 7.3). In some of the patients, white matter abnor- 
malities are more extensive and confluent. Severe, 
highly confluent white matter disease can also be 
found. Dilatation of the ventricular system and 
prominence of the sulci are possible findings. En- 
larged perivascular spaces within the white matter 
can be expected. At the cranio-cervical junction signs 
of cervical cord compression may be found, which is 
caused by atlantoaxial abnormalities. 
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Fig. 7.1. A 5-year-old male patient with classic MSD.The im- 
ages are indistinguishable from those seen in metachromatic 
leukodystrophy. The cerebral white matter is diffusely abnor- 
mal and contains countless radiating stripes of more normal 



signal intensity. Within the brain stem the corticospinal tracts 
are involved. Courtesy of Dr. G. Mancini and Dr. H. Stroink, 
Sophia Children's Hospital, Erasmus Medical Center, Rotter- 
dam,The Netherlands (see also Mancini et al. 2001 ) 
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Fig. 7.2. A 7-year-old boy with MSD in an advanced stage. Note the serious white matter atrophy. Courtesy of Dr. S. Blaser, 
Department of Diagnostic Imaging, Hospital for Sick Children,Toronto 
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Fig. 7.3. A 4.5-year-old child with the Saudi variant of MSD. 
Note the multiple small high signal intensity spots bilaterally 
in the centrum semiovale. From Aqeel et al. (1992), with per- 
mission 



Chapter 8 

Globoid Cell Leukodystrophy: Krabbe Disease 



8.1 Clinical Features 

and Laboratory Investigations 

Globoid cell leukodystrophy (GLD), also known as 
Krabbe disease, is a progressive white matter disorder 
with autosomal recessive inheritance. A number of 
clinical types can be distinguished, which differ in age 
of onset and in the rate of clinical deterioration. The 
early infantile or classic type is the most common. Its 
incidence is estimated at 1-2 in 100 000. The other 
types are: congenital, late-infantile, juvenile, and ado- 
lescent-adult. As a rule only one variant of GLD oc- 
curs within one family, although exceptions have 
been reported. 

Clinical features and course of disease are fairly 
uniform in early-infantile GLD. During the first few 
months of life the infants are healthy and their psy- 
chomotor development is normal. The onset of clini- 
cal symptoms occurs between 1 and 6 months of age. 
Hagberg et al. (1969) distinguish three clinical stages. 
Stage I is characterized by hyperirritability and peri- 
ods of crying, particularly when the infants are han- 
dled and nursed. They seem to be extremely sensitive 
to light and noise and often have excessive startle re- 
sponses. Periods of fever often occur without signs of 
infection. The muscular tone increases. At the onset of 
the disease the deep tendon reflexes are normal. 
There is a stagnation of mental and motor develop- 
ment, soon followed by regression. In sporadic cases 
convulsions, hemiplegia, or predominant signs of pe- 
ripheral neuropathy are the presenting abnormali- 
ties. Within 2-4 months of onset most patients reach 
stage II. This stage comprises the subsequent period 
of rapid and severe motor and mental deterioration. 
A constant opisthotonus and a hypertonic flexion of 
the arms and extension of the legs are present. The 
deep tendon reflexes can no longer be evoked. There 
are extensor plantar signs. Abilities previously 
achieved are lost. At the same time the general condi- 
tion deteriorates, with more frequent hyperpyretic 
periods, often accompanied by intense sweating. Pul- 
monary infections are common. Myoclonic irregular 
jerks of the arms and legs, startle myoclonus, hyper- 
tonic fits, and other atypical seizures occur, as do typ- 
ical, generalized tonic-clonic seizures and infantile 
spasms. The signs of visual failure and optic atrophy 
begin to appear. Stage III is the vegetative, burned-out 
stage. The children seem to have little or no mental 
activity and lie in a decerebrate posture. They are 



blind and make no voluntary movements. Touching 
may elicit primitive generalized reflex movements. 
The children lack sucking abilities and have to be fed 
by nasogastric tube. The muscular tone often changes 
again. The opisthotonic posture disappears and is fol- 
lowed by a tendency to hypotonicity. The children be- 
come cachectic, and if they do not die of an intercur- 
rent respiratory infection or of aspiration they suc- 
cumb gradually. Death occurs between 5 months and 
3 years of age. 

In rare cases, GLD is already manifest during the 
neonatal period in the form of unspecific feeding dif- 
ficulties, irritability, twitchiness, or respiratory prob- 
lems. Both floppy and hypertonic neonatal variants 
have been described. 

The later onset forms of GLD are clinically much 
more heterogeneous and progress more slowly. A 
subdivision into late-infantile onset (6 months to 
3 years), juvenile onset (4-10 years) and adolescent- 
adult onset has been proposed, but the subdivision is 
arbitrary. In most children the onset of disease occurs 
before the age of 5 years; adolescent-adult onset is 
rare. There is no significant difference in symptoma- 
tology according to the age at onset. The initial signs 
in the late-onset forms of GLD are quite variable: 
spastic paraparesis, hemiparesis, cerebellar ataxia, 
isolated visual failure (as a result of either optic atro- 
phy or bilateral involvement of the optic radiations), 
dystonia, epileptic seizures, psychosis, and mental de- 
terioration. Of these signs, increasing difficulties in 
walking caused by spasticity or ataxia and isolated 
visual failure are the most frequent first manifesta- 
tions. Irritability is not infrequently noted early in the 
disease. Peripheral neuropathy as an isolated present- 
ing sign of the disease is a rare variant that can occur 
in late-onset types but has also been reported in in- 
fants. The rate of progression and duration of the dis- 
ease are quite variable. Some patients, and especially 
those younger than 3 years, have a very rapid course 
of disease, becoming bedridden, tetraparetic, and de- 
mented in less than 3 months. Most patients, especial- 
ly those with later onset, have a more chronic course. 
Death occurs after a highly variable period ranging 
from 18 months to more than 14 years. Bronchopul- 
monary infections are the most frequent cause of 
death. 

In early-onset GLD an abnormally high protein 
level is always found in the CSF while the cell count 
is normal. Only occasionally are there more than 
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10 cells/ml, the majority of these being mononuclear 
leukocytes. The elevated CSF protein level is less con- 
stant in later onset forms of GLD, being found in 
about 50% of the patients. In early-onset GLD, the 
EEG is normal at the beginning of the disease, some- 
times even after some months of manifest clinical 
symptoms. Abnormal findings tend to appear at the 
end of stage I. The pattern then becomes increasingly 
abnormal, characterized by markedly slow activity of 
high voltage. In the terminal stage the background 
activity is frequently interrupted by numerous fast, 
sharp-wave activities, episodic dysrhythmias, or 
epileptiform episodes. Sometimes a picture of hyps- 
arrhythmia is found. Nerve conduction velocity is 
markedly reduced in all patients with early-onset 
GLD. In later onset forms the reduction in nerve con- 
duction velocity is more variably present; conduction 
velocity can also be normal. 

The diagnosis of GLD is established by showing a 
deficiency of galactocerebroside p-galactosidase 
(galactocerebrosidase) in white blood cells or cul- 
tured fibroblasts. It is not possible to distinguish be- 
tween early-onset GLD and late-onset variants by 
comparing residual enzyme activities. There is a con- 
siderable overlap between the normal range and the 
carrier range of enzyme activity, so that carrier test- 
ing is often unreliable. In addition, very low levels of 
galactocerebrosidase activity (less than 10%) have 
been found in healthy people. The presence of poly- 
morphic amino acid changes in the enzyme causes 
this wide range of activities. In some families addi- 
tional studies, such as substrate loading tests in cul- 
tured skin fibroblasts, are necessary. DNA analysis 
may help in solving the problems with diagnosis. GLD 
can be diagnosed prenatally by assaying the enzyme 
activity in chorionic villi or amniotic fluid cells. DNA 
confirmation is an option. 



8.2 Pathology 

Gross examination of the brain reveals a moderate to 
marked reduction in size. On sectioning, the cortex 
appears to be relatively spared but there is a marked 
reduction in the amount of white matter, which shows 
a brownish discoloration. 

Microscopic examination confirms that there is lit- 
tle or no involvement of cortical gray matter. The 
cerebral, cerebellar, and brain stem white matter 
shows diffuse demyelination throughout the brain, 
although there are regional variations in intensity. 
There is a distinct tendency for the U fibers to be pre- 
served. The extent to which tracts in the brain stem 
and cord are affected varies. Long tracts, in particular 
the corticospinal and spinocerebellar tracts, and the 
dorsal columns are usually severely damaged. In the 
areas of demyelination axonal degeneration is ob- 



served, but axons are relatively preserved in compar- 
ison with the degree of myelin loss. There is an early 
and marked loss of oligodendrocytes through apop- 
tosis. There is diffuse fibrillary gliosis throughout the 
white matter with proliferation of astrocytes. In the 
central nuclei of the brain moderate neuronal loss can 
be observed, and sometimes intense gliosis. 

The pathognomonic feature of GLD is the accumu- 
lation of globoid cells. These cells are multinucleated 
giant cells with ballooned cytoplasm containing fine- 
ly fibrillary to granular material. Their cytoplasm 
stains eosinophilic in HE, moderately positive in PAS, 
and negative or faintly positive in Sudan Black prepa- 
rations. There are also smaller rounded cells with sin- 
gle nuclei and accumulation of identical material in 
their cytoplasm. These are called epithelioid cells by 
some, and are included with the globoid cells by 
others. Globoid cells are present as single cells or, 
more often, as groups of cells in the affected white 
matter. They accumulate around blood vessels. They 
are not only present within the affected white matter, 
but can also accumulate in central gray matter struc- 
tures. There is considerable variation in the distribu- 
tion and number of globoid cells in individual cases, 
depending on the duration of the disease and the in- 
tensity of the histopathological process. They are low- 
er in number in patients with long-standing disease 
who have burned-out pathology. At an ultrastructur- 
al level the globoid cells appear to contain specific 
straight and twisted tubular-type inclusions. The 
tubular inclusions are usually dispersed throughout 
the cytoplasm, and rarely membrane bound. The 
straight tubules are angular or crystalloid in cross 
section, while the twisted tubules are rectangular or 
oval. Sometimes myelin figures and lipid droplets are 
found in the cytoplasm of globoid cells. Globoid cells 
stem from phagocytic mesenchymal cells. 

In GLD the peripheral nerves are also involved in 
the disease process. Light microscopic examination 
reveals segmental demyelination and variable axonal 
degeneration in early-onset forms. In adult patients, 
myelin sheaths have been reported to be abnormally 
thin for the fiber diameter, suggesting hypomyelina- 
tion rather than demyelination. Usually no typical 
globoid cells are found. Electron microscopy shows 
that Schwann cells and endoneurial macrophages 
contain cytoplasmic inclusions similar to the inclu- 
sions in the globoid cells of the CNS. 



8.3 Chemical Pathology 

Chemical analysis of the brain shows that the gray 
matter is only moderately abnormal, while severe 
changes are present in the white matter. The white 
matter has an increased water content, and its lipid 
content is greatly diminished. Although both cerebro- 
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side and sulfatide are greatly decreased, as might be 
expected from the myelin loss, there is a significant 
change in the cerebroside-to-sulfatide ratio, from the 
normal value of 4 : 1 to as much as 10 : 1. Proportional 
to the total loss of myelin there is a decrease in the 
white matter content of total lipids, cholesterol, gly- 
colipids, and ethanolamine phosphoglycerides. There 
is a relative increase (though an absolute decrease) 
of other phospholipids, such as choline phosphogly- 
cerides, serine phosphoglycerides, and sphingomyelin. 
As a rule, no elevation of cholesterol esters is found. 
Galactosylsphingosine, also called psychosine, accu- 
mulates in considerable amounts in the white matter 
of GLD patients. Concentrations of up to 100 times 
the normal value have been found. Psychosine is not 
normally detectable in gray matter, but is elevated in 
GLD patients, though not nearly to the same extent as 
in white matter. 

Analysis of isolated myelin in GLD reveals a rela- 
tively normal lipid composition. The cerebroside con- 
tent of myelin is not elevated. A relatively high con- 
centration of cerebroside is found in globoid cell-en- 
riched fractions from the diseased white matter. 
There is cerebroside storage in globoid cells, while 
there is none in the white matter as a whole or in the 
myelin membrane. 



8.4 Pathogenetic Considerations 

The primary defect in GLD is a deficiency of galacto- 
sylceramidase, also called galactocerebroside p~ 
galactosidase or galactocerebrosidase. This is a lyso- 
somal enzyme that catalyzes the first step of cerebro- 
side (= galactosyl ceramide) degradation and splits 
cerebroside into galactose and ceramide. Sulfatide is 
also normally degraded through cerebroside into ce- 
ramide and galactose. The gene coding for galacto- 
cerebrosidase, GALCy is localized on chromosome 
14q31. Many different mutations in GALC have been 
identified in GLD. There is no clear genotype-pheno- 
type correlation. One might anticipate that the differ- 
ence in phenotypic expression in GLD would result 
from different levels of residual enzyme activity, but 
the currently available assay procedures reveal no 
consistent difference in residual enzyme activity 
between early- and late-onset forms. 

Mammalian tissues contain two genetically dis- 
tinct lysosomal p-galactosidases with different, 
though overlapping, substrate specificities: galacto- 
cerebroside p-galactosidase (galactocerebrosidase) 
and GM r ganglioside p-galactosidase. It has been 
demonstrated that under certain assay conditions 
GMrganglioside p-galactosidase can also hydrolyze 
cerebroside. Psychosine (= galactosyl sphingosine) is 
hydrolyzed by galactocerebrosidase, but not by GM r 
ganglioside p-galactosidase. This difference in sub- 



strate specificity explains why psychosine accumu- 
lates to give high levels in GLD brain, whereas cere- 
broside, while moderately increased in relative con- 
centration, is decreased in absolute concentration. 

Cerebroside is a constituent almost exclusively of 
oligodendrocytes, Schwann cells, and myelin sheaths. 
Metabolism of cerebroside is closely related to the 
metabolism of myelin. In immature brains, prior to 
myelination cerebroside is practically absent, and 
lack of galactocerebrosidase is therefore of little con- 
sequence. As soon as myelination begins the normal 
turnover of myelin starts. This coincides with a rapid 
rise of galactocerebrosidase activity in normal brain. 
In GLD brains cerebroside from catabolized myelin 
cannot be disposed of adequately because of the lack 
of the enzyme. GMrganglioside p-galactosidase may 
be responsible for part of the cerebroside breakdown 
and prevent real accumulation of cerebroside. Excess 
of cerebroside in phagocytic cells leads to the trans- 
formation of these cells into globoid cells. In experi- 
mental studies the relationship between cerebroside 
and globoid cells has been confirmed. Intracerebral 
injection of cerebroside into rat brain elicits a globoid 
cell reaction, whereas the injection of many other 
substances does not lead to this response. 

Psychosine is also a substrate for the deficient en- 
zyme galactocerebrosidase. It is formed from UDP- 
galactose and sphingosine through the action of 
UDP-galactose : ceramide galactosyl transferase. It 
cannot be disposed of in GLD, because it is a very 
poor substrate for GM r ganglioside p-galactosidase. 
Psychosine is a highly cytotoxic substance. There is 
evidence that accumulated psychosine leads to pro- 
duction of cytokines and inducible nitric oxide syn- 
thase expression and contributes to apoptosis. It is 
probable that psychosine generated within oligoden- 
drocytes during the period of active myelination 
accumulates until it reaches a toxic level. Apoptosis is 
selectively induced in oligodendrocytes because psy- 
chosine formation occurs primarily in these cells. 
This explains the early and marked loss of oligoden- 
drocytes, resulting in loss of the myelin sheaths main- 
tained by these cells. In GLD brains the concentration 
of psychosine correlates well with the severity of 
pathological changes. When the stage of massive 
death of oligodendroglial cells is reached, rapid 
myelin breakdown occurs, contributing more cere- 
broside, which may enhance the globoid cell reaction. 
The death of oligodendroglia prevents further myeli- 
nation. 

The sequence of events is well illustrated in the 
Twitcher mutant mouse, which has the same defect as 
is present in the human disease. Initial myelin devel- 
opment is normal, highlighting the point that myelin 
build-up is essentially normal in GLD. Subsequently, 
there is a declining rate of myelination, followed by 
demyelination and the appearance of globoid cells. It 
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is myelin turnover that brings the enzymatic defect to 
expression. 

The difference in tissue reaction between CNS and 
PNS is difficult to explain. Phagocytic cells in the PNS 
contain abnormal inclusions similar to those in the 
brain, and it is not clear why they are not transformed 
to the typical multinucleated globoid cells. The al- 
most obligatory involvement of the CNS and the vari- 
able involvement of the PNS, particularly in later 
onset forms of GLD, suggests that oligodendrocytes 
are more vulnerable to psychosine than are Schwann 
cells. 

In the brain there is a regional variation in vulner- 
ability to pathologic changes. In particular, the U 
fibers are typically spared. As the process of myelin 
build-up is normal in GLD and the defect involves 
myelin turnover and breakdown, the areas of the 
brain that myelinate last can be expected to be in- 
volved in later stages of the disease than are the early- 
myelinating areas. The U fibers are the last to myeli- 
nate, which may explain their relative preservation. In 
addition, in animal research the in vivo turnover rate 
of cerebroside appears to be higher in the areas of the 
white matter that are consistently more severely 
affected in GLD; this may furnish another part of the 
explanation for regional variation in white matter 
involvement. 

GLD is a primary myelin disorder, and there are no 
morphological or functional abnormalities outside 
the nervous system. This is explained by the fact that 
cerebroside is present almost exclusively in nervous 
tissue, the amounts in organs outside the nervous sys- 
tem being quantitatively negligible. 

Although GLD and metachromatic leukodystro- 
phy are both caused by a genetic defect in the catabo- 
lism of myelin constituents and initial myelin build- 
up is normal in both disorders, there are interesting 
dissimilarities between GLD and metachromatic 
leukodystrophy. Metachromatic leukodystrophy is 
characterized by extreme storage of sulfatide, where- 
as GLD hardly deserves the name 'storage disorder/ In 
metachromatic leukodystrophy the composition of 
the myelin membrane is altered, with excessive sul- 
fatide within the myelin sheath. In GLD, myelin is 
compositionally normal, and the relative rise in cere- 
broside relative to other lipids in the analysis of whole 
white matter appears to be related to an excess of 
cerebroside in globoid cells. It is likely that these dif- 
ferences can be explained by a difference in the rate of 
oligodendroglial cell death. In GLD these cells disap- 
pear rapidly, early on in the local disease process. This 
early cell death is probably caused by psychosine tox- 
icity. With oligodendroglial cell death myelin mem- 
branes are lost simultaneously, before the defect in 
turnover can trap cerebroside or other abnormal con- 
stituents within the myelin sheath. In metachromatic 
leukodystrophy oligodendroglial cells disappear later, 



more slowly, and to a lesser degree. Sulfatide is 
trapped in the myelin membrane and its content in- 
creases until the composition of the myelin sheath is 
so abnormal that the normal stability of the mem- 
brane is lost and demyelination ensues. 

Sphingolipid activator proteins, i.e., saposins A, B, 
C, and D, are small glycoproteins derived from a com- 
mon precursor protein, prosaposin. These activator 
proteins are required for degradation of sphin- 
golipids. Total deficiency of all saposins and specific 
deficiencies of saposins B and C are associated with 
known human diseases. No specific saposin A or D 
deficiency is known in humans. It has recently been 
demonstrated that saposin A is indispensable for the 
degradation of cerebroside by galactocerebrosidase. 
A transgenic mouse with saposin A deficiency has 
been shown to develop a demyelinating disease simi- 
lar to, but milder than, that seen in the Twitcher 
mouse. Saposin A deficiency can be anticipated 
among human patients with a late-onset slow-de- 
myelination disease without galactocerebrosidase 
deficiency. 



8.5 Therapy 

To date, early-onset GLD has invariably proved fatal. 
The problem with early-onset forms of GLD is that 
neuropathological changes are already present in the 
second trimester of pregnancy and that any form of 
treatment is applied to an already damaged nervous 
system. Hematopoietic stem cell transplantation to 
infantile patients who are already clinically sympto- 
matic has not resulted in beneficial effects. Reports on 
hematopoietic stem cell transplantation very soon 
after birth, before the onset of any clinical symptoms, 
are appearing, and the results are promising but must 
be confirmed in larger studies. Hematopoietic stem 
cell transplantation is now performed in increasing 
numbers of patients with later onset forms. Stabiliza- 
tion and improvement of clinical symptoms and MRI 
abnormalities have been reported. Early treatment, 
while the intellect is still intact and the motor disabil- 
ities are only mild, is essential. 

Another therapeutic approach is one of substrate- 
reduction therapy. L-Cycloserine is an inhibitor of 
sphingosine synthesis by irreversible inhibition of 
3-ketodyhydrosphingosine synthase. Administration 
of L-cycloserine to animals leads to a reduction in the 
production of brain cerebroside, sulfatide, and gan- 
gliosides. Although the level of psychosine has not 
been measured, it is likely that it is also lowered, since 
psychosine is made up of sphingosine and galactose. 
Thus, L-cycloserine lowers the levels of substrates that 
are not digested in GLD. Twitcher mice treated with 
L-cycloserine have milder disease and live longer, but 
only if the treatment is started early. If combined with 
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bone marrow transplantation, L-cycloserine improves 
the outcome further. The problem with L-cycloserine 
is that cerebroside and sulfatide are essential for nor- 
mal myelin structure and function. L-Cycloserine is 
toxic in higher doses. In addition, L-cycloserine has 
not yet been tested in humans. Gene therapy also has 
not yet progressed beyond the animal experimental 
stage. 



8.6 Magnetic Resonance Imaging 

In cases of early-onset GLD, the CT findings are quite 
characteristic. The abnormalities seen are related to 
the stage of the disease. In stage I there are either no 
changes at all, or symmetrically increased density in 
the thalami, corona radiata and, less often, posterior 
limb of the internal capsule, caudate nucleus, globus 
pallidus, and putamen. Sometimes more extensive 
hyperdense areas are noted, including the brain stem, 
cerebellum, dentate nucleus, optic radiation, central 
subcortical white matter, and cortical gray matter 
(Fig. 8.1). Pathologically, the hyperdensity on CT cor- 
relates with a higher concentration of globoid cells 
and proliferating glia. In stages II and III, symmetri- 
cal low-density areas in the periventricular white 
matter and corpus medullare of the cerebellum be- 
come obvious. The low density of the white matter is 
relatively less marked than in other leukodystrophies. 
The low density represents demyelination and in- 
creased water content. The severe fibrous astrogliosis 
that occurs in GLD may be responsible for the less in- 
tense hypodensity. In stage III diffuse brain atrophy, 
both central and peripheral, is observed. Sulci are 
widened, the head of the caudate nuclei is flattened, 
and the ventricles, including the third, are widened as 
a result of atrophy of the thalamus. 

MRI confirms the presence of periventricular 
white matter abnormalities with relative sparing of 
the U fibers in early-onset GLD (Fig. 8.2). The corpus 
callosum is affected, connecting the lesions of both 
sides. A radiating pattern with stripes of more normal 
signal intensity is often observed within the cerebral 
white matter (Fig. 8.2), but this pattern is not obliga- 
tory. The stripes correlate with perivascular deposits 
of globoid cells in microscopic examination of the 
brain. The posterior limb of the internal capsule, cere- 
bellar white matter, hilus of the dentate nucleus, and 
pyramidal tracts in the brain stem are involved 
(Fig. 8.2). In fact, involvement of the brain stem and 
cerebellum occurs early, before supratentorial white 
matter involvement. MRI can be deceptively normal 
in the initial stages of early- infantile GLD, which is 
probably largely related to the still immature myeli- 
nation preventing recognition of the presence and 



extent of white matter abnormalities. Signal abnor- 
malities in the hilus of the dentate nucleus, cerebellar 
hemispheric white matter, and pyramidal tracts of the 
brain stem in infants only a few months of age should 
suggest the possibility of GLD. The areas of high den- 
sity on CT may not be so clearly abnormal on MRI. 
These areas may have a relatively low or high signal 
intensity on T 2 -weighted images and a normal, high, 
or low signal intensity on T r weighted images. With 
progression of the disease, the subcortical white 
matter also becomes involved and global atrophy 
ensues. An unusual finding reported in a few GLD 
infants is optic nerve enlargement. This is related to 
the presence of a very high number of globoid cells. In 
many patients MRI and CT provide complementary 
information, CT showing the characteristic hyper- 
densities and MRI showing the extent of the demyeli- 
nation. 

In cases of late-onset GLD, hyperdensities in the 
thalamus and basal ganglia have been found on CT. 
There are white matter abnormalities, and these may 
in part have a high density on CT. Both CT and MRI 
show a predominant involvement of the parieto-oc- 
cipital periventricular white matter with extensions 
in the temporal direction and associated involvement 
of the splenium of the corpus callosum (Fig. 8.3). MRI 
may show a pattern of radiating stripes of more near- 
ly normal signal intensity within the abnormal cere- 
bral white matter. The U fibers are relatively spared 
(Fig. 8.3). The posterior limb of the internal capsule 
and pyramidal tracts in the brain stem are involved. 
The cerebellar white matter is spared. More extensive 
white matter lesions affecting the whole centrum 
semiovale probably represent a more advanced stage 
of disease. In the later stages atrophy becomes obvi- 
ous. 

Furthermore, adults may exhibit signal changes re- 
stricted to the corticospinal tracts, extending from 
the motor cortex through the posterior limb of the in- 
ternal capsule into the pyramidal tracts of the brain 
stem, in either a symmetrical or an asymmetrical or 
unilateral distribution (Fig. 8.4). However, some adult 
patients have a normal brain MRI for a long time. 
Some adults present with signs of an isolated poly- 
neuropathy. If they exhibit white matter abnor- 
malities on cerebral MRI as described above, this 
should lead to inclusion of GLD in the differential 
diagnosis. 

Variable, but at most subtle, enhancement has been 
described in GLD cases and may involve the nor- 
mal-abnormal white matter junction at the border 
between the deep white matter and the U fibers, and 
also the corpus callosum, cranial nerves, and spinal 
nerve roots. However, in most cases no enhancement 
is seen. 
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Fig. 8.1 . CT findings in a 4-month-old boy with early-infantile 
GLD.The series demonstrates the hyperdensities in the prima- 
ry myelination zones: brain stem, cerebellum, posterior limb of 



the internal capsule, thalamus, and central part of the corona 
radiata. At this stage the CT appearance is almost diagnostic, 
and more characteristic than the MRI findings 



Fig. 8.2. Early-infantile GLD in a 6-month-old girl. The three 
upper rows show transverse T 2 -weighted images.The periven- 
tricular white matter has a higher signal intensity than the 
directly subcortical white matter, although the latter is still 
unmyelinated. A stripe-like pattern is seen in the affected cere- 
bral white matter.There is a significant atrophy of the cerebral 



hemispheres. Cavitary lesions are visible in the posterior limb 
of the internal capsule. The cerebellar white matter and the 
hilus of the dentate nucleus are prominently involved. The 
^-weighted transverse images {lowest row) confirm the stripe- 
like pattern in the abnormal white matter 
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Fig. 8.2. 
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Fig. 8.3. Late-infantile GLD in a girl aged 4 years.There are ex- 
tensive, symmetrical white matter abnormalities, predomi- 
nantly involving the posterior part of the cerebral hemi- 
spheres.There is a subtle pattern of radiating stripes.The pos- 



terior limb of the internal capsule and corticospinal tracts in 
the brain stem are affected.The cerebellar white matter is nor- 
mal 



The pattern of symmetrical and extensive involve- 
ment of the cerebral white matter, corpus callosum, 
internal capsule, and brain stem tracts is indistin- 
guishable from the pattern observed in many 
metachromatic leukodystrophy patients, particularly 
when radiating stripes of more normal signal intensi- 
ty are seen within the abnormal cerebral white mat- 



ter. Patients with early-onset GLD usually have more 
pronounced cerebral atrophy than patients with ear- 
ly-onset metachromatic leukodystrophy. In patients 
with later onset metachromatic leukodystrophy, the 
white matter abnormalities often have a predomi- 
nantly frontal location, whereas in patients with later 
onset GLD the parieto-occipital white matter is usual- 
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Fig. 8.4. Adult GLD in a female patient 25 years of age. Note 
the selective involvement of the corticospinal tracts.The con- 
necting tracts through the corpus callosum are also affected, 



as is the splenium. Courtesy of Dr. D. Loes and Dr. C. Peters, Uni- 
versity of Minnesota, USA 



ly predominantly involved. The hyperdense areas 
seen on CT in GLD are lacking in metachromatic 
leukodystrophy. 

The CT scan findings with high density in the 
thalamus and basal ganglia are reminiscent of the CT 
findings in early-onset GMx and GM 2 gangliosidoses. 
The MRI findings are, however different (see related 
chapters). 

The pattern with parieto-occipital predominance 
seen in later onset GLD patients resembles the pattern 
seen in cerebral X-linked adrenoleuko dystrophy. 
However, the pattern consisting of two zones of dif- 
ferent signal change within the abnormal white mat- 



ter and a rim of contrast enhancement in between, 
which is so characteristic of X-linked adrenoleuko dy- 
strophy, has never been described in GLD, although 
contrast enhancement involving the splenium of the 
corpus callosum has been described in late-onset 
GLD patients. 

The pattern with selective involvement of the cor- 
ticospinal tracts may resemble the pattern seen in 
amyotrophic lateral sclerosis. However, the signal 
changes are less pronounced in the latter. In adreno- 
myeloneuropathy a similar pattern of MRI abnormal- 
ities can be observed, and this disease should be ex- 
cluded by means of the appropriate laboratory tests. 



Chapter 9 

GIVh Gangliosidosis 



9.1 Clinical Features 

and Laboratory Investigations 

GMi gangliosidosis is an autosomal recessive disor- 
der of GMi metabolism, resulting in variable neural 
and visceral accumulations. Three forms can be dis- 
tinguished: infantile or type 1 GMi gangliosidosis, ju- 
venile or type 2 GMi gangliosidosis, and adult, chron- 
ic or type 3 GM X gangliosidosis. 

Type 1 infantile GM X gangliosidosis presents at or 
soon after birth, signs being poor sucking and feed- 
ing. The child is hypotonic and hypoactive and soon 
develops facial and peripheral edema. At times 
neonatal ascites and hydrocele are seen, and some- 
times generalized edema. There are characteristic 
coarse facial features similar to those found in mu- 
copolysaccharidoses. Facial abnormalities include 
frontal bossing, wide and depressed nasal bridge, long 
philtrum, and large low-set ears. The gums and 
tongue may appear hypertrophied. The cornea is 
clear. Hepatomegaly is present, and the spleen is often 
also enlarged. The dysmorphic features and he- 
patosplenomegaly gave this disease its other name: 
pseudo-Hurler disease. The skin is usually thick and 
rough. Exceptional cases of angiokeratoma corporis 
diffusum have been described. Failure to thrive and 
severe psychomotor retardation are early signs of the 
disease. Bilateral, cherry-red spots are found on the 
maculae in about half the patients. Early blindness 
occurs, which is cortical or retinal in origin. The child 
remains hypoactive and is weak. Noise frequently 
provokes an exaggerated startle response. Movements 
are poorly coordinated. Reflexes are hyperactive. 
Macro cephaly can develop, but is less marked than in 
Tay-Sachs disease. As the child gets older, broadness 
of the hands and shortness of the fingers become 
apparent. Joints become stiff. The wrist and ankle 
joints are often enlarged, but not tender. Flexion con- 
tractures frequently occur at elbows and knees. 
Kyphoscoliosis is frequently found. After a year, 
neurological deterioration is rapid, with epileptic 
seizures, progressive spasticity, and finally decere- 
brate rigidity, deafness, blindness, and loss of social 
contact. In rare cases cardiomyopathy with cardiac 
failure occurs. Flexion contractures of the arms and 
legs may become extremely severe. Respiratory prob- 
lems are common, with frequent infections. Bron- 
chopneumonia is a frequent cause of death, which 
usually occurs between 12 and 24 months. 



In type 2 GM X gangliosidosis the clinical course is 
slower and the onset insidious. The children initially 
appear normal. The first clinical signs begin between 
6 months (late-infantile form) and 2 years (juvenile 
form) of age. They usually consist of developmental 
arrest and gait disturbances. The subsequent course is 
characterized by progressive dementia, lethargy, 
epilepsy, an abnormally pronounced startle response 
to noise, spastic tetraplegia, cerebellar ataxia, loss 
of speech, and extrapyramidal features, such as 
choreoathetosis. Blindness is also a feature, but starts 
late in the course. No retinal degeneration or cherry- 
red spots are seen. The patients are not characterized 
by organomegaly or coarsening of facial features sug- 
gestive of mucopolysaccharidosis. Skeletal deformi- 
ties are relatively mild. The average life span varies 
between 3 and 10 years. Death is usually caused by 
recurrent bronchopneumonia. 

Type 3 GM X gangliosidosis is the adult or chronic 
variant. The clinical signs usually emerge in the sec- 
ond decade of life, but onset in the first decade has 
also been described. Gait disturbance and speech dis- 
turbance are early signs of the disease. Extrapyra- 
midal features are usually most prominent and 
can take the form of slowly progressive dystonia, 
choreoathetotic movements, facial grimacing, ble- 
pharospasm, dysarthria, rigidity, parkinsonism with 
immobile face, bradykinesia, and typical gait abnor- 
malities. In rare cases ataxia, pyramidal signs, mild 
intellectual impairment, and seizures occur. Bony ab- 
normalities are minimal, if present. Cherry- red spots, 
visceromegaly, and facial dysmorphism do not occur. 

In type 1 GM X gangliosidosis vacuolated lympho- 
cytes are found in the peripheral blood smear, but 
these are not present in types 2 and 3. Large, foamy 
sea-blue histiocytes are present in the bone marrow 
in type 1; these cells are fewer in number in types 2 
and 3. Rectal biopsy shows neuronal lipidosis in 
Meissner's plexus. Ultrastructurally, membranous 
cytoplasmic bodies similar to those seen in GM 2 gan- 
gliosidosis are seen within neurons. The membra- 
nous cytoplasmic bodies consist of spirally wound 
lamellae enclosed within a membrane of lysosomal 
origin. Other inclusions are more pleiomorphic in 
nature. Evidence of neuronal lipidosis on rectal 
biopsy can be found in all types of GM X gangliosido- 
sis. Clear vacuoles can also be found in visceral histi- 
ocytes and parenchymal cells of visceral organs and 
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in epithelial cells in all types, but are less abundant in 
the later onset forms. 

Radiological abnormalities in type 1 may be mini- 
mal at birth but become progressively more pro- 
nounced with time. By 6 months there is usually little 
difficulty in identifying them. The abnormalities in- 
clude kyphoscoliosis and hypoplasia and beaking of 
one or more vertebrae. The long bones are wide in the 
center, tapering to both ends. There is generalized 
rarefaction of the cortex of most bones. With increas- 
ing age the externally thickened cortical wall is re- 
moved by expansion of the medullary cavity. The 
metacarpals are wedge-shaped, being expanded dis- 
tally and constricted proximally. The sella turcica is 
shoe shaped, shallow, and elongated. In type 2, radio- 
logical changes are mild and involve mainly the verte- 
bral bodies. In type 3 the radiological changes are 
minimal or absent. Flattening of vertebral bodies may 
be seen. 

In types 1 and 2 the EEG shows progressive deteri- 
oration, but epileptic discharges are rare. The ERG 
remains normal. 

Biochemical investigations disclose abnormal uri- 
nary oligosaccharide excretion. The concentration of 
the urinary oligosaccharides appears to correlate 
with the severity of the disease, the excretion being 
highest in type 1 and lowest in type 3 GMi gangliosi- 
dosis. The CSF protein is normal. In types 1 and 2 an 
increased concentration of GMx ganglioside may be 
found in plasma and CSF. 

Demonstration of a deficiency of p-galactosidase 
activity in leukocytes or cultured fibroblasts is the 
most effective means of establishing the diagnosis. It 
is important also to analyze neuraminidase activity 
in order to exclude galactosialidosis. A decreased hy- 
drolysis rate of GMi ganglioside can be demonstrated 
in cultured skin fibroblasts. DNA analysis for diag- 
nostic purposes is possible. Prenatal diagnosis is pos- 
sible by enzyme analysis in cultured amniotic fluid 
cells or chorionic villi or by DNA analysis. 



9.2 Pathology 



is degeneration and loss of neurons. Storage bodies 
are also present in glia. 

Electron microscopy demonstrates that the neu- 
ronal inclusion bodies are identical to the membra- 
nous cytoplasmic bodies seen in GM 2 gangliosidosis. 
They consist of spirally wound membranous lamellae 
enclosed within a limiting membrane of lysosomal 
origin. 

The white matter in type 1 GMx gangliosidosis is 
gliotic, and there is a diffuse and profound paucity of 
myelin. Axons are relatively preserved. Where pre- 
sent, myelin is structurally normal, but the thickness 
of most myelin sheaths is reduced. The early myeli- 
nating structures have a myelin content that is normal 
for age, whereas the myelin content of later myelinat- 
ing structures is much lower than expected. Oligo- 
dendrocytes are decreased in number, and apoptosis 
of these cells can be observed. The white matter ab- 
normalities are probably the result of a combination 
of disturbed myelination and myelin loss. 

In type 1 GMx gangliosidosis visceral storage is 
found. The liver is enlarged, and storage material is 
present in hepatocytes and in histiocytes in liver 
sinusoids. The renal glomerular epithelium shows 
marked vacuolization of the cytoplasm. The spleen, 
lymph nodes, thymus, and intestinal mucosa contain 
many foamy histiocytes. Large foamy histiocytes are 
present in bone marrow aspirates. Skin biopsies show 
foamy vacuolization of sweat gland epithelium, histi- 
ocytes, fibroblasts, and endothelium cells. The vac- 
uoles appear empty. The stored oligosaccharides in 
visceral organs are extremely soluble in water and are 
lost on fixation. 

In types 2 and 3 GMx gangliosidosis identical neu- 
ronal storage is seen. In type 3 the neuronal storage is 
present predominantly in the basal ganglia. White 
matter is either not affected at all, or only to a mini- 
mal extent. The visceral storage varies considerably. 
There may be no storage at all, or sparse histiocytes 
may be seen in spleen and liver. There may be foam 
cells in bone marrow and lymphatic tissue, and vac- 
uolization of hepatic and renal cells similar in form to 
but less severe than in type 1. 



External examination of the brain in type 1 GMx 
gangliosidosis usually reveals no abnormalities, 
though sometimes some cortical atrophy is detect- 
ed. The consistency of the white matter may be in- 
creased. 

Light microscopy reveals neuronal storage through- 
out the nervous system, mainly in cerebral and cere- 
bellar cortex, but also in basal ganglia, brain stem, 
spinal cord, and Meissner's plexus. The neurons have 
ballooning, foamy cytoplasm, and the nucleus is dis- 
placed to the periphery. Accumulation of storage ma- 
terial in proximal nerve cell processes results in the 
formation of meganeurites and megadendrites. There 



9.3 Chemical Pathology 

Gangliosides are glycosphingolipids that contain 
sialic acid in their oligosaccharide chain. In type 1 
GMi gangliosidosis pronounced accumulation of the 
normal monosialoganglioside GMi occurs, accompa- 
nied by a minor accumulation of its asialo derivative 
GA X and of other minor glycolipids and glycopep- 
tides. The total ganglioside content of the brain is 
increased, with an approximately 10-fold increase of 
GMx in gray matter and a 2-fold increase in white 
matter. In gray matter GMx ganglioside constitutes 
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70-90% of total ganglioside, instead of the normal 
about 25%. The level of total lipid in gray matter is 
slightly decreased, mainly due to a moderate decrease 
of phospholipids and glycolipids. In white matter a 
marked decrease of major myelin constituents is 
found, such as cholesterol, phospholipids, cerebro- 
sides, sulfatides, and proteolipid protein. Marked 
increases in free fatty acids and in cholesterol esters 
are found in most cases. The white matter chemical 
abnormalities are compatible with moderately severe 
myelin destruction. In the myelin membrane itself 
the concentration of GMi ganglioside is also several 
times the normal concentration. Other abnormalities 
in the composition of isolated myelin are a very 
high concentration of cholesterol, a low level of glyco- 
lipids, especially cerebroside, and a low concentration 
of phospholipids, especially ethanolamine phospho- 
lipids. These myelin abnormalities represent the 
transitional state of myelin undergoing nonspecific 
breakdown. 

The neuronal inclusion bodies, the so-called mem- 
branous cytoplasmic bodies, have an extremely high 
ganglioside content. GMi accounts for approximately 
95% of the total ganglioside content. Other compo- 
nents are proteolipid protein, phospholipids, and 
cerebroside. One of the glycolipids, cerebroside, con- 
sists mainly of glucocerebroside, which is an unusual 
cerebral constituent after the infantile period. 

There is a 20- to 50-fold accumulation of GM X gan- 
glioside in liver and spleen. Furthermore, there is vis- 
ceral accumulation of galactose-containing oligosac- 
charides, which by far exceeds the accumulation of 
gangliosides. Some oligosaccharide fractions contain 
sialic acid. The oligosaccharide accumulation rather 
than the ganglioside storage is the chief cause of the 
visceral histiocytic vacuolation. Storage of galactose- 
containing, partially degraded, derivatives of keratan 
sulfate has been demonstrated in liver and brain. 

In type 2 GMi gangliosidosis the concentration of 
GMi ganglioside and its asialo derivative are moder- 
ately elevated in the brain, to a considerably lesser de- 
gree than in type 1 GM X gangliosidosis. The myelin 
lipids, such as cholesterol, phospholipids, sulfatide, 
and cerebroside, are much closer to normal than in 
type 1 GMx gangliosidosis. Visceral accumulation of 
oligosaccharides is less marked. 

In type 3 GMi gangliosidosis the accumulation of 
GMi ganglioside in the brain is more focal. Accumu- 
lation is most marked in the putamen and caudate 
nucleus, where GMi accounts for 50% or more of all 
gangliosides, whereas GMi accounts for about 30% of 
all gangliosides in the white matter and only a slight 
increase, if any, in the proportion of GM X ganglioside 
is noted in the cerebral cortex. Abnormal accumula- 
tion of asialo GM X is only noted in the basal ganglia. 
There are no abnormalities in the concentrations of 
other lipids, such as cholesterol, phospholipids, and 



glycolipids. Visceral accumulation of oligosaccha- 
rides is minor. 



9.4 Pathogenetic Considerations 

GMx gangliosidosis is caused by a deficiency of the 
lysosomal degradative enzyme acid p-galactosidase. 
This enzyme is an acid hydrolase catalyzing cleavage 
of terminal p -linked galactose from a variety of 
substrates, including GMi ganglioside, its asialo de- 
rivative G A i, lactosylcer amide, galactose-containing 
oligosaccharides, and the mucopolysaccharide ker- 
atan sulfate. The gene coding for p-galactosidase, 
GLBly is located on chromosome 3p21.33. Activity of 
P-galactosidase is also dependent on a functional 
protein, called protective protein/cathepsin A. This 
protein is encoded by PPGB, a gene located on chro- 
mosome 20ql3.1. Protective protein associates with 
two enzymes, p-galactosidase and neuraminidase, in 
an early biosynthetic compartment, and by virtue of 
the association the two enzymes are correctly routed 
to the lysosome and protected against rapid break- 
down by intralysosomal proteases. Some hydrolytic 
enzymes need nonenzymic factors (activator pro- 
teins) for degradation of sphingolipids in the lyso- 
some. Substrates cleaved by p-galactosidase differ in 
their requirement of such activator proteins. Sphin- 
golipid activator protein 1 (called SAP-B or saposin 
B) is required for the cleavage of GM X ganglioside by 
P-galactosidase. SAP-B acts on GM X as a kind of solu- 
bilizer. SAP-B shares a common larger precursor pro- 
tein, called prosaposin, with some other SAPs. Pro- 
saposin is encoded by a gene on chromosome 
10q22.1, PSAP. SAP-B not only activates p-galactosi- 
dase to cleave GMi ganglioside, but also activates the 
cleavage of sulfatide by arylsulfatase A and globo- 
triaosylceramide by a-galactosidase. 

Two diseases have been recognized for deficiency 
of p-galactosidase: GMi gangliosidosis, a neuro- 
degenerative disorder with visceral involvement, 
and mucopolysaccharidosis type IV B, also called 
Morquio B disease, a generalized bone disease. Mole- 
cular analysis has confirmed allelic mutations of the 
same gene in these two diseases with diverse pheno- 
typic expressions. It has been suggested that this mul- 
tiplicity of phenotypes can be explained by different 
alterations in the catalytic activity of the mutant 
enzyme, which differentially alters its activity on a 
variety of substrates. There is evidence that patients 
with Morquio disease type B retain a higher catalytic 
activity for GM X ganglioside than for oligosaccha- 
rides and mucopolysaccharides. The phenotypic vari- 
ability in clinical symptomatology of GM X gangliosi- 
dosis may be explained in the same way. The early in- 
fantile form is characterized by neurological dysfunc- 
tion in combination with bony abnormalities and 
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visceral storage. In later onset forms, progressive neu- 
rological symptoms are present but visceral and bony 
abnormalities are minimal or absent. Differences in 
residual enzyme activity, different types of mutations 
affecting different catalytic functions of the enzyme, 
different rates of turnover of the enzyme and sub- 
strates in brain, viscera, and bone may be responsible 
for these phenotypic variations. An attractive hypo- 
thesis is that in some cases the mutant enzyme pos- 
sesses about the same low residual activity for each 
natural substrate (infantile type), whereas the mutant 
enzyme possesses significantly different residual 
activities for different natural substrates in other cas- 
es (juvenile and adult types). 

Apart from GMi gangliosidosis and Morquio dis- 
ease type B, p-galactosidase deficiency occurs in a 
number of disorders caused by different gene muta- 
tions: variant forms of metachromatic leukodystro- 
phy, galactosialidosis, and I cell disease. Deficiency of 
the protective protein caused by a protective protein 
gene mutation leads to galactosialidosis. Deficiency 
of the protective protein gives rise to a secondary 
deficiency of both p-galactosidase and neuramini- 
dase activity. SAP-B deficiency results in a form of 
metachromatic leukodystrophy, with a variable con- 
comitant accumulation of gangliosides and other 
glycosphingolipids in addition to sulfatide storage. 
In I-cell disease, or mucolipidosis III, deficiency of 
P-galactosidase is caused by a defect in posttrans- 
lational processing of the enzyme molecule. 

In GMx gangliosidosis, GM X ganglioside and its 
asialo derivative accumulate in lysosomes owing to 
the impairment of normal degradation. GM X is a nor- 
mal component of cellular membranes, and its con- 
tent is especially high in neuronal plasma mem- 
branes, particularly in the regions of nerve endings 
and dendrites. GMi gangliosides act as binding mole- 
cules for toxins and hormones and are involved in cell 
differentiation and cell-cell interaction. They stimu- 
late neurite outgrowth and enhance the action of 
nerve growth factor. In GM X gangliosidosis accumula- 
tion occurs predominantly in neurons, resulting in 
neuronal dysfunction and eventually neuronal cell 
death. There are several factors, which may contribute 
to neuronal dysfunction and death. The accumulated 
GMx ganglioside and its asialo derivative are relative- 
ly insoluble in water and aggregate within lamellated 
membranous bodies in lysosomes. Expanding lyso- 
somes with increasing amounts of stored products 
may disturb intracellular transport, in this way dis- 
turbing cellular metabolism. Leakage of toxic in- 
tralysosomal products of enzymes into the cytoplasm 
during the process of intralysosomal storage may 
cause damage. Accumulation of GM X ganglioside in 
the neuronal membrane results in alterations of 
membrane structure. Gangliosides contain long, satu- 
rated fatty acids, which increase the packing density 



of the membrane and reduce its fluidity. GMi ganglio- 
side, specifically, has a pronounced effect on the re- 
duction in membrane fluidity as the carbohydrate 
moieties of GMi reduce the rotational freedom with- 
in the hydrophobic regions of the membrane. The 
increased cholesterol content also contributes to the 
reduction of membrane fluidity. The altered mem- 
brane fluidity may influence the synaptic transmis- 
sion and the activity of membrane-bound enzymes. 
GMx gangliosidosis is also characterized by inappro- 
priate proliferation of secondary neurites and aber- 
rant formation of synapses. This abnormal sprouting 
may lead to changes in neuronal connectivity, result- 
ing in specific functional impairment. Evidence has 
been found for neurotransmitter dysfunction with 
disturbed neurotransmitter release and re-uptake 
and for specific dysfunction of cholinergic and 
GABAergic neurons. 

The later onset forms of GM X gangliosidosis have 
more focal neuronal pathology, which is especially 
marked in basal ganglia and the spinal cord, whereas 
in the infantile form there is more generalized neu- 
ronal pathology, which is especially pronounced in 
cerebral and cerebellar cortex. We can only speculate 
on the explanation for this phenomenon. The regula- 
tion of substrate and enzyme synthesis and turnover 
may not be identical in different types of cells and 
may not be the same at all ages, which would change 
the distribution of cells in which saturation of the 
residual enzyme occurs earliest and is most promi- 
nent. 

Significant white matter changes are only present 
in type 1 GM X gangliosidosis. There is a severe myelin 
deficiency, which is caused mainly by a disturbance of 
myelinogenesis with seriously delayed and arrested 
myelination. Myelin deposition occurs in close col- 
laboration between axons, oligodendrocytes, and 
astrocytes. Altered neuronal/axonal membrane prop- 
erties and disturbed oligodendroglial-axonal com- 
munication may be at the basis of the disturbed 
myelination process. Disturbances of oligoden- 
droglial maturation and myelin production and early 
oligodendroglial cell death through apoptosis are 
contributing factors. However, there is also a compo- 
nent of myelin loss. The myelin loss may be secondary 
to degeneration of neurons as well as primary owing 
to oligodendroglial cell death, altered myelin compo- 
sition, and myelin instability. 

Galactose-containing oligosaccharides accumulate 
in the viscera, particularly in type 1 GM X gangliosido- 
sis. These oligosaccharides are derived from the in- 
complete degradation of glycoproteins in lysosomes. 
The accumulation of these water-soluble compounds 
is responsible for the cytoplasmic vacuolation of vis- 
ceral cells, the foamy histiocytosis in bone marrow, 
and the vacuoles in circulating lymphocytes. Storage 
of galactose-containing, partially degraded deriva- 
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tives of keratan sulfate occurs in liver, spleen, brain, 
and bone, especially in type 1. Storage of these com- 
pounds in bones is responsible for the bony deformi- 
ties. 



9.5 Therapy 

At present there is no effective treatment for GMx 
gangliosidosis. Hematopoietic stem cell transplanta- 
tion can be attempted, especially in the later onset 
forms, but insufficient data are as yet available to 
assess its potential. In addition, there is evidence in 
animal experiments that the low molecular com- 
pound 1-deoxygalactonojirimycin may increase p~ 
galactosidase activity. The compound passes through 
the blood-brain barrier. Human studies are in 
progress. Gene therapy is still at the level of experi- 
mental research. 



9.6 Magnetic Resonance Imaging 

In type 1 GMi gangliosidosis CT of the brain typical- 
ly shows a slightly increased density of the thalamus 
(Fig. 9.1). MRI shows diffuse white matter abnormal- 
ities, partly but not only explained by severely delayed 
and disturbed myelination. The signal abnormalities 
are more pronounced than would be expected if they 
were due merely to delayed myelination (Fig. 9.1). 
White matter gliosis and some myelin destruction 
add to the signal changes. We observed a very subtle 
pattern of radiating lines with a more normal signal 



intensity within a patient's abnormal cerebral white 
matter, which we found to be related to a higher 
myelin content in perivascular regions. The brain 
stem, and sometimes the posterior part of the corpus 
callosum, are better myelinated, but the cerebellar 
white matter can be myelin deficient (Fig. 9.1). The 
basal ganglia and thalamus display subtle signal 
changes on MRI, with a slightly increased or decreased 
signal intensity of the thalamus and a slightly in- 
creased signal intensity of the basal ganglia on T 2 - 
weighted images and a variably increased signal in- 
tensity of the thalamus on T r weighted images (Fig. 
9.1, upper row). The pattern closely resembles the 
imaging findings in early-onset GM 2 gangliosidosis. 

In type 2 GMi gangliosidosis, progressive atrophy 
of the cerebral hemispheres has been described with 
enlargement of the ventricular system and subarach- 
noid space and atrophy of the cerebellum and brain 
stem (Fig. 9.2). There are subtle white matter signal 
abnormalities, which are commonly seen in neuronal 
degenerative disorders and are secondary to loss 
of neurons and axons and their myelin sheaths 
(Fig. 9.2). The CT images that have been published 
suggest that the density of the thalamus and basal 
ganglia might possibly be mildly increased. 

In type 3 GMi gangliosidosis, elevated T 2 signal 
and atrophy may be found bilaterally in the caudate 
nucleus and putamen. Hypointensity of the globus 
pallidus on T 2 -weighted images has also been report- 
ed. In addition, cerebral atrophy and slight white mat- 
ter signal changes secondary to neuronal degenera- 
tion can be found. The images are identical to those of 
adult GM 2 gangliosidosis. 
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Fig. 9.1. CT scan and MR images in a 7-month-old boy with 
type 1 GM] gangliosidosis. Note the high density of the thala- 
mus on CT.The thalamus and basal ganglia are diffusely slight- 
ly abnormal on both TV and T 2 -weighted MR images {first row). 



The cerebral and cerebellar white matter has a diffusely dis- 
tributed high signal on T 2 -weighted images, which is higher 
than is compatible with hypomyelination only 
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Fig. 9.2. Sagittal "IVweighted and axial T 2 -weighted images in T 2 -weighted images, and the cerebral hemispheres are mildly 

a 9-year-old boy with type 2 GM] gangliosidosis.The thick skull atrophic, suggestive of a primary neuronal degenerative 

indicates a long-standing disease process. The cerebral white process.The globus pallidus has a low signal 
matter has a slightly higher signal than normal on these 



Chapter 10 

GM 2 Gangliosidosis 



10.1 Clinical Features 

and Laboratory Investigations 

GM 2 gangliosidoses are inherited disorders of GM 2 
ganglioside metabolism. Its inheritance is autosomal 
recessive. There are three major, biochemically dis- 
tinct types: B, O, and AB. Among the B and O types, 
infantile, juvenile, and adult forms can be distin- 
guished; the AB variant is known only as an infantile 
form. Infantile type B is the classic Tay-Sachs disease 
(TSD), and infantile type O is the same as Sandhoff 
disease (SD). 

TSD is common in Ashkenazi Jews of eastern Euro- 
pean origin. In the United States carrier the frequen- 
cy is 1 in 30 among Ashkenazi Jews and only 1 in 380 
among other groups. TSD infants seem normal at 
birth, and their early development apparently follows 
a normal pattern. The disease begins at the end of the 
first 6 months of life. An exaggerated startle response 
is often the earliest symptom, although it is frequent- 
ly only recognized in retrospect. It is provoked by 
sudden noise and consists in extension, abduction, 
and elevation of the arms. Listlessness and irritability 
usually occur early in the course of disease. Gradual- 
ly, psychomotor retardation and deterioration with 
loss of skills becomes evident. After 6 months of age 
the patient's vision noticeably deteriorates and hypo- 
tonic motor weakness becomes obvious. Affected in- 
fants may crawl, sit unaided, and pull themselves up 
to a standing position but do not usually manage to 
walk. By 1 year of age the deterioration of mental and 
motor capacities is obvious. The children no longer 
sit, hold, or transfer objects; they lose interest in their 
surroundings and usually lie placidly in bed. In the 
2nd year hypotonic motor weakness progresses, and 
by the end of the 2nd year generalized flaccid paraly- 
sis has developed. The tendon reflexes are increased 
at all stages, and plantar responses may be extensor. 
In the later stages of the disease signs of spasticity, 
dystonia, rigidity, chorea and athetosis may be vari- 
ably present. At the end of the 1st year of life most 
children are blind. Ophthalmoscopic examination re- 
veals a cherry-red spot in one or both maculae in 
about 90% of the patients. Optic atrophy is also seen. 
Feeding becomes a problem in the 2nd year because 
of ineffective swallowing. Seizures are rare before the 
age of 1 year, but frequent thereafter. The epileptic 
manifestations may consist in tonic-clonic seizures, 
myoclonic epilepsy, and also gelastic epilepsy. A char- 



acteristic sign in TSD is megalencephaly, which usu- 
ally becomes prominent at about 2 years of age. By the 
age of 2 most patients are completely paralyzed, 
demented, blind, and deaf with frequent seizures. 
Decerebrate posturing may be present. Most patients 
die of bronchopneumonia and emaciation. Death 
usually occurs between 2 and 3 years of age, survival 
after the age of 4 being rare. 

The clinical features of SD are similar to those of 
TSD, with the exception of hep ato splenomegaly, 
which does not occur in TSD. Occasionally there are 
bony deformities similar to those associated with in- 
fantile GMx gangliosidosis. Infantile GM 2 gangliosi- 
dosis type AB is also clinically similar to TSD. These 
disorders have no racial predilection. 

In addition to the severe infantile forms of GM 2 
gangliosidosis, later onset forms are known. The so- 
called juvenile form usually has its onset between 2 
and 6 years of age. The adult, or rather chronic, form, 
has its onset between the end of the 1st decade and 
the 3rd decade of life. Even later onset has been de- 
scribed. However, the age of onset is difficult to deter- 
mine because of the very slow progression of the dis- 
ease. While the juvenile form has no ethnic predilec- 
tion, the adult B form is more frequent among Ashke- 
nazi Jews than in other ethnic groups. The main 
systems affected in the juvenile and adult variants are 
the cerebellum, the pyramidal cells, the lower motor 
neurons and, less frequently, the basal ganglia. Atypi- 
cal spinocerebellar ataxia syndromes are common as 
modes of presentation of late-onset GM 2 gangliosido- 
sis. They are characterized by slowly progressive atax- 
ia, spasticity, dysarthria, and muscle atrophy. Such 
cases have been diagnosed as atypical variants of 
Friedreich ataxia, however, usually without sensory 
involvement. In some patients additional abnormali- 
ties in the form of supranuclear or internuclear oph- 
thalmoplegia and sensory neuropathy have been de- 
scribed, but these are rare. Another relatively frequent 
presentation is as motor neuron disease. Clinical fea- 
tures include weakness, cramps, proximal muscle 
wasting, and fasciculations. This clinical picture 
closely resembles the Kugelberg-Welander pheno- 
type of spinal muscular atrophy or bulbospinal neu- 
ronopathy. Amyotrophic lateral sclerosis-like syn- 
dromes present with involvement of both lower and 
upper motor neurons. Apart from paresis, atrophy 
and fasciculations, high reflexes, and extensor plantar 
reflexes are found. Upper limb postural tremor may 
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occur, as in other disorders of the lower motor neu- 
ron. Various extrapyramidal features have been de- 
scribed in late-onset GM 2 gangliosidosis, either in 
isolation or in combination with the more common 
motor neuron and cerebellar syndromes. Dystonia, 
rigidity, choreiform movements, and athetoid postur- 
ing have been noted. Another clinical characteristic of 
late-onset GM 2 gangliosidosis is the high incidence of 
recurrent psychosis. In addition, psychic changes in- 
clude anxiety, depression, insomnia, aggressiveness, 
severe behavioral problems, and disintegration of the 
personality. The psychic changes may precede all 
other manifestations or may appear later. Neurovege- 
tative disorders are common and take the form of 
sweating impairment, loss of libido, impaired esoph- 
agus motility, fixed cardiac frequency, and orthostat- 
ic hypotension. Intellectual deterioration is frequent. 
Epilepsy may occur, but is not obligatory. Blindness 
occurs late in the course of the disease. On ophthal- 
moscopic examination, optic atrophy and retinitis 
pigmentosa may be seen at that time, but a cherry- red 
spot is not a consistent finding and appears late if at 
all. In the juvenile variant death occurs between 5 and 
15 years of age, often secondary to bronchopneumo- 
nia. Patients with the adult form usually live for some 
decades. 

In the infantile variants, EEG is either normal or 
shows slight changes during the 1st year of life. In the 
2nd year there are paroxysmal discharges of high- 
voltage, slow-wave activity with single and multiple 
spikes and sharp wave complexes. In the vegetative 
state of the disease there is a marked decrease in spike 
discharges. These findings are not specific for infan- 
tile GM 2 gangliosidosis. In later onset variants the 
EEG shows variable, nonspecific findings. Nerve con- 
duction velocities are usually normal in the first stage 
of the disease and then decline. EMG shows fascicula- 
tions, especially in the proximal muscles, and signs of 
loss of motor units with collateral reinnervation. 
Muscle biopsy shows signs of neurogenic atrophy 
with type grouping and increased connective tissue. 
Sural nerve biopsy demonstrates decreased fiber den- 
sity. A histogram of counted nerve fibers shows a 
decrease in the number of large myelinated fibers and 
an increase in small myelinated fibers, indicating 
active regeneration. Rectal biopsy reveals swollen 
ganglion cells with vacuolated cytoplasm. Ultrastruc- 
turally, the ganglion cells contain membranous cyto- 
plasmic bodies, which are typically found in neurons 
in GM 2 gangliosidosis. 

A definitive diagnosis is established by assaying 
hexosaminidase A and B in serum, leukocytes, or cul- 
tured skin fibroblasts. In the case of variant B, hex- 
osaminidase A is deficient. In the case of variant O, 
both hexosaminidase A and hexosaminidase B are 
deficient. In the case of variant B ly the activities of 
hexosaminidase A and B are found to be normal when 



tested with the conventional, nonsulfated synthetic 
substrate, but a profound deficiency of hexosamini- 
dase A activity is found on testing with the natural 
substrate GM 2 ganglioside or a sulfated synthetic sub- 
strate. Prenatal diagnosis of these variants of GM 2 
gangliosidosis is possible in the first trimester of 
pregnancy by enzyme analysis in cultured amniotic 
fluid cells or chorionic villi. 

In the case of type AB, the activities of hex- 
osaminidase A and B are found to be normal, since in 
this type the defect is a deficiency of the GM 2 activa- 
tor protein. In type AB the diagnosis requires either 
the demonstration of accumulating GM 2 ganglioside 
in the presence of normal hexosaminidase A and B 
activities or the demonstration of the GM 2 activator 
protein deficiency. GM 2 ganglioside accumulation 
can be demonstrated in brain biopsy tissue or alter- 
native sources of nervous tissue (rectum, conjuncti- 
va), and probably also in CSF, although the sensitivity 
and specificity of the latter test is not known. The de- 
ficiency of GM 2 activator protein can be demonstrat- 
ed by feeding radiolabeled GM 2 ganglioside to cul- 
tured fibroblasts and correcting the disturbed degra- 
dation of this substance by the addition of purified 
GM 2 activator protein to the culture medium. The 
expression level of GM 2 activator protein can also be 
assessed in fibroblasts. 

DNA analysis is possible for all variants of GM 2 
gangliosidosis. If the mutations responsible are found 
in a family, carrier testing and prenatal diagnosis 
become more reliable. Pseudodeficiency may occur, 
and DNA analysis helps to ensure the presence of a 
benign pseudodeficiency allele. Accurate and inex- 
pensive screening tests are available for detection of 
GM 2 gangliosidosis carriers. Enzymatic tests are 
used, which determine total serum hexosaminidase 
and hexosaminidase A activity; the leukocyte hex- 
osaminidase assay is used for confirmation. Nowa- 
days screening for common mutations is preferred in 
populations with a high carrier frequency for certain 
mutations. 



10.2 Pathology 

In infantile GM 2 gangliosidoses the gross changes in 
the brain vary with the length of the patient's life. The 
weight and volume of the brain increase massively 
during the 2nd year of life. The brain frequently 
weighs over 2000 g (normal weight 1000 g). Enlarge- 
ment of the brain causes the gyri to become broad- 
ened. The cerebellum, however, is usually atrophic. 
On sectioning, the cut surface is abnormally firm. The 
hemispheric white matter may be gelatinous with 
local cavitation. The ventricles are variably enlarged. 
Light microscopy shows ubiquitous involvement of 
the nerve cells throughout the brain, with a predilec- 
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tion for the neurons in the cerebral hemispheres over 
the ganglion cells of the motor cranial nerves or oth- 
er brain stem nuclei. There is a diffuse disturbance of 
the cy to architecture of the gray matter with a reduc- 
tion in the number of nerve cells, an unusual increase 
in size of the remaining neurons, and a concomitant 
augmentation in the number of glial elements. The 
neurons are large and distorted as a result of the de- 
position of lipid material. They have a distended, 
rounded outline; their nuclei are displaced to the 
circumference of the cell and are often shrunken and 
pyknotic. Cortical neuronal cells have swellings in the 
proximal axon segment or in the apical dendrite, re- 
sulting in so-called meganeurites. As the disease pro- 
gresses, the neurons gradually disappear. There is a 
decrease in the number of axons seen within the 
white matter of the brain, which parallels the process 
of degeneration of the cerebral cortical nerve cells. 
With progression of the disease there are profound 
disturbances in myelination, with evidence of addi- 
tional myelin loss. The myelin deficiency may be very 
extensive. In some patients the myelin deficiency is 
seen predominantly in the centrum semiovale with 
sparing of the subcortical U fibers, but in most 
patients it involves almost the entire white matter, 
including the U fibers. The internal capsule is usually 
well preserved. The preserved myelin sheaths fre- 
quently appear thinner than normal. Complete ab- 
sence of myelin throughout the hemispheric white 
matter can occur if the patient survives for a long 
time. The white matter changes cannot be attributed 
to wallerian degeneration only. There is evidence for 
an additional role of both failure of myelination and 
active demyelination: the severity of myelin loss is of- 
ten greater than the axonal loss, and the tendency to 
softening and cavitation in the most severely affected 
areas is consistent with active demyelination and not 
with wallerian degeneration only. As the disease pro- 
gresses, the glial reaction increases and eventually 
large numbers of microglia can be observed as well as 
numerous proliferating astrocytes. The glial cells are 
swollen and filled with large globules. The contents of 
these glial cells show similar properties to those ob- 
served in neurons. The cerebellum shows extensive 
degenerative changes. Narrowing or reduction in size 
of the cerebellar folia is associated with decreased 
numbers of cells in the cerebellar cortex. The Purkin- 
je cells show extensive damage and those remaining 
are filled with the same material that is present in the 
neurons of the cerebral cortex. The neurons of the 
cerebellar nuclei also show the typical ballooning due 
to deposition of lipids. The spinal cord neurons un- 
dergo changes similar to those seen elsewhere in the 
CNS. The neurons of the anterior horns are more in- 
tensely affected than those of the posterior and later- 
al horns. The spinal cord white matter frequently 
shows rarefaction of the nerve fibers, particularly in 



the lateral columns and in the pyramidal tracts, but 
they are normally myelinated. Microscopic examina- 
tion of the retina reveals extensive degeneration and 
loss of ganglion cells. The cytoplasm of the remaining 
cells is filled with lipid material similar to that seen in 
the neurons of the brain. These changes are particu- 
larly conspicuous in the area of the macula. 

Electron-microscopic studies have shown that the 
cytoplasm of the distended neurons contains so- 
called membranous cytoplasmic bodies. These are 
membrane-bound structures, which contain closely 
packed lamellae, frequently arranged concentrically 
in a regular fashion. The lipid material, which is seen 
under light microscopy, is located in these membra- 
nous cytoplasmic bodies. They occupy a considerable 
proportion of the nerve cell cytoplasm. Their accre- 
tion within the neuronal cytoplasm causes the enor- 
mous ballooning of the cell and the displacement of 
the nucleus to the periphery. Accumulation of these 
storage bodies in proximal nerve processes leads to 
the formation of meganeurites and megadendrites. It 
has been shown that these storage bodies are lysoso- 
mal in origin. They are also found in axons and glial 
cells. In glial cells the deposits are more pleomorphic 
than in neurons. 

Especially in SD, extraneuronal storage of lipids is 
found. Cells containing stored material are found in 
the spleen, in renal tubular cells, and in liver cells. The 
deposited material appears to be similar to that of the 
neurons. 

In juvenile and adult GM 2 gangliosidoses patho- 
logical changes predominantly affect the anterior 
horn cells of the spinal cord, the cerebellar cortical 
neurons, brain stem nuclei, and basal ganglia. In these 
areas prominent neuronal storage and degeneration 
are present. The cerebral cortex is less severely or 
minimally involved. This is the reverse of what occurs 
in infantile gangliosidoses. The cerebellum is atroph- 
ic. Slight diffuse myelin loss within the cerebral and 
cerebellar white matter may be observed. 



10.3 Chemical Pathology 

GM 2 ganglioside is accumulated in abnormally large 
amounts in GM 2 gangliosidoses. In the brain, the con- 
centration of gangliosides is 100-300 times that in 
normal brain. The storage patterns of the ganglio- 
sides exhibit some characteristic differences in the 
three variants of GM 2 gangliosidosis. In all cases the 
accumulation of the ganglioside GM 2 is most pro- 
nounced. It is accompanied by minor storage of its 
sialic acid-free derivative, GA 2 . Variant 0 is character- 
ized by the fact that the nervous tissue contains - in 
relative terms - the lowest amount of GM 2 and the 
highest amount of GA 2 . Variant B and variant AB dif- 
fer from each other in the extent to which GM 2 and 
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GA 2 are accumulated, the accumulation being higher 
in the AB variant. The gangliosides are mainly stored 
in the neuronal cells, but the ganglioside concentra- 
tion of white matter is also increased. In late-onset 
forms of GM 2 gangliosidosis, cerebral levels of GM 2 
and GA 2 are markedly increased above normal, but 
not to the extent seen in infantile forms. A regional 
variation in ganglioside accumulation in the brain 
can be seen, depending on the variation of neuronal 
storage in the different types of GM 2 gangliosidosis. 

Some 30-40 % of the lysosomal inclusion bodies 
consist of GM 2 ganglioside. Other components are 
proteolipid protein, cholesterol, phospholipids, and 
glycolipids. 

Except for a high concentration of GM 2 ganglio- 
side, the change in chemical composition of the white 
matter is nonspecific and reflects the extent of myelin 
deficit. The main findings are decreases in proteolipid 
protein, total lipids, glycolipids, and phospholipids 
and the presence of significant amounts of choles- 
terol esters as a sign of active myelin breakdown. 

In the B variant and the AB variant, GM 2 ganglio- 
side is not stored in large amounts outside the ner- 
vous system. In the O variant there is an extensive 
storage of globoside in the visceral organs, besides 
storage of GM 2 and GA 2 ganglioside. The level of glo- 
boside is approximately normal in the visceral organs 
in the B variant and the AB variant. 



10.4 Pathogenetic Considerations 

Gangliosides are glycosphingolipids, which contain 
sialic acid in their oligosaccharide chain. GM 2 gan- 
gliosidosis is caused by a deficient activity of the 
lysosomal enzyme p-hexosaminidase, also called 
GM 2 gangliosidase or p-AT-acetylgalactosaminidase. 
This enzyme hydrolyzes the terminal JV-acetylgalac- 
tosamine from the ganglioside GM 2 . Hexosaminidase 
is composed of two subunits. The a- and the p-chain 
can associate in different combinations to produce 
isoenzymes of different structure and catalytic activ- 
ity. Isoenzyme ap is called hexosaminidase A, isoen- 
zyme pp hexosaminidase B, isoenzyme act hex- 
osaminidase S. Hexosaminidase A cleaves the sub- 
strates ganglioside GM 2 , the asialo derivative GA 2 , 
globoside, neutral oligosaccharides, and negatively 
charged substrates, such as terminal p -linked N- 
acetylglucosamine-6-sulfate contained in keratan sul- 
fate, chondroitin sulfate, and dermatan sulfate. Hex- 
osaminidase B has an overlapping substrate specifici- 
ty and cleaves GA 2 , globoside, and neutral oligosac- 
charides. Hexosaminidase B does not possess any 
significant ganglioside GM 2 - cleaving activity. Hex- 
osaminidase S has only negligible catalytic activity. 
Apart from the a- and p-chains of hexosaminidase, a 
third protein is necessary for in vivo catabolism of 



GM 2 ganglioside: an activator protein. This activator 
protein is termed GM 2 activator protein (GM2AP) or 
sphingolipid activator protein 3 (SAP-3). The GM 2 
activator protein has an isoenzyme specificity for 
hexosaminidase A, and not for hexosaminidase B or 
S. Interaction of the activator protein with GM 2 gan- 
glioside or related compounds results in the forma- 
tion of a water-soluble dimer. The activator-lipid 
complex binds to a specific recognition site of hex- 
osaminidase A in such a way that the glycosidic bond 
is positioned at the active site in the a-subunit. Thus, 
the GM 2 activator functions as a transport protein 
rather than as an activator of the enzyme. 

The different types of GM 2 gangliosidosis are char- 
acterized by the isoenzyme, which is missing. In type 
B, there is a deficiency of hexosaminidase A (iso- 
enzyme ap) resulting from mutations in the gene 
encoding the a-chain, HEXA, located on chromo- 
some 15q23-24. In type O, both hexosaminidase A 
(ap) and hexosaminidase B (PP) are deficient. This 
is the result of mutations in the gene encoding the 
p-chain on chromosome 5ql3, HEXB. Type AB is 
caused by a deficiency of the GM 2 activator protein, 
encoded by a gene located on chromosome 5q31.3- 
33.1, GM2A. A special variant of GM 2 gangliosidosis 
has been described, the B x variant, which is allelic to 
the B variant. In the B x variant, a mutation affects a 
specific a-chain site to which the activator- substrate 
complex binds. The mutant enzyme has an almost 
normal activity towards substrates that are split at the 
active site located on the p-subunit (including non- 
sulfated synthetic substrates). It is virtually inactive 
towards the substrates that are exclusively or prefer- 
entially cleaved at the active site of the a-subunit 
(GM 2 ganglioside and also synthetic substrates con- 
taining a sulfate group). The B x mutation appears to 
be rare in the homozygous form, but may be more 
commonly encountered in the B/Bi compound het- 
erozygous form. 

The time of onset and clinical severity of the dis- 
ease are related to the rate of ganglioside accumula- 
tion, which is inversely related to the residual activity 
of hexosaminidase in the patient's tissues. The vari- 
able residual enzyme activities among infantile, juve- 
nile, and adult-onset GM 2 gangliosidosis patients are 
related to different mutations present either in the 
homozygous or the compound heterozygous state. In 
its homozygous state the most common mutation in 
the a-subunit gene causes a total absence of hex- 
osaminidase A and leads to the severe infantile form 
of the disease, TSD. In contrast, adult a-subunit muta- 
tions cause a severe, but not complete, deficiency 
of hexosaminidase A. Both the infantile and adult 
a-subunit mutations occur with enhanced frequency 
among Ashkenazi Jews. Compound heterozygotes 
carrying an infantile and an adult a-subunit mutation 
on homologous chromosomes have adult-onset GM 2 
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gangliosidosis. The patients who are homozygous for 
the Bi mutation generally belong to the juvenile cate- 
gory. The clinical severity in compound heterozygotes 
depends on the other allele. When the other allele is 
totally inactive a late -infantile phenotype results. 
Compound heterozygosity in which the other allele 
carries an adult GM 2 gangliosidosis mutation is re- 
sponsible for the patients with a chronic form of B x 
variant with survival into the third decade of life. For 
the p-subunit gene too, different mutations have been 
identified and variations in residual enzyme activity 
appear to explain the different clinical phenotypes. 

Gangliosides are typical components of the outer 
leaflet of plasma membranes and are particularly 
abundant in the neuronal plasma membranes. An 
accumulation of these lipids will therefore occur pre- 
dominantly in neurons. The accumulation of lipids 
occurs primarily inside the lysosomes, where they fail 
to be broken down in the absence of adequate hex- 
osaminidase activity. The accumulating amphipathic 
lipids will precipitate and form lamellar structures. 
Although the stored compounds are normal, non- 
toxic, components of the cell, their excessive storage 
will interfere with normal cell function. In cells with 
extreme storage mechanical destruction of the neu- 
rons may occur. Undegraded storage material is not 
completely confined to the lysosomes, but can to 
some extent be recycled and reach other compart- 
ments, such as the Golgi apparatus and plasma mem- 
brane via normal membrane flow. This may lead to 
changes in the content and pattern of gangliosides in 
the neuronal plasma membrane. Gangliosides are im- 
plicated in cell-cell communication and recognition 
phenomena including dendrotogenesis and synapto- 
genesis. Presence of abnormalities in gangliosides in 
neuronal plasma membranes interferes with the es- 
tablishment of proper connections and leads to aber- 
rant synaptogenesis. Inappropriate proliferation of 
secondary neurites, a tremendous increase in synap- 
tic spines on neurons, and formation of meganeurites 
and megadendrites occurs. Increased ganglioside 
content in plasma membranes results in markedly re- 
duced membrane fluidity. Evaluation of neurotrans- 
mitter metabolism has shown reduced high-affinity 
uptake of glutamate, GABA, and norepinephrine by 
synaptosomes. Other studies have suggested abnor- 
mal calcium homeostasis and interference with sec- 
ond messenger systems. 

In the infantile form, mechanical storage is respon- 
sible for the megalencephaly and may be a major 
cause of neuronal dysfunction and death. In the late- 
onset forms the lipid accumulation is much less pro- 
nounced and the other mechanisms mentioned may 
be more important in explaining the neuronal dys- 
function. It is difficult to explain why neurons from 



different locations are preferentially involved in dif- 
ferent variants of the disease. It may have something 
to do with the relative contribution of pathogenetic 
mechanisms mentioned in each particular variant. In 
addition, the regulation of substrate and enzyme syn- 
thesis and turnover may not be identical in different 
types of cells and may not be the same over the years, 
altering the distribution of cells in which saturation 
of the residual enzyme occurs most prominently. Im- 
pairment of cellular functions can occur at different 
threshold values of accumulated gangliosides in dif- 
ferent types of cells at different times. 

The white matter disease in infantile forms of GM 2 
gangliosidosis can be explained by a combination of 
hypomyelination, myelin loss secondary to wallerian 
degeneration, and primary demyelination. The hy- 
pomyelination may be secondary to neuronal dys- 
function, as a normal neuron-myelin interaction is 
necessary for normal myelin deposition. The de- 
myelination might be explained by altered myelin 
composition, structure, and stability. The myelin 
membrane fluidity is decreased by the increased con- 
tent of GM 2 ganglioside. GM 2 gangliosides contain 
long, saturated fatty acid moieties, which increase the 
packing density of the lipid matrix, resulting in 
reduced fluidity. 



10.5 Therapy 

Treatment in GM 2 gangliosidosis is largely restricted 
to supportive care and management of intercurrent 
problems. Attempts at enzyme replacement have been 
made by intravenous, intrathecal, and intraventricu- 
lar injection of hexosaminidase preparations; these 
attempts have been unsuccessful. It has been suggest- 
ed that hematopoietic stem cell transplantation might 
be successful in halting the disease, but the results so 
far have been disappointing. This form of treatment 
would have a better chance in the later onset and 
slower variants of the disease. Substrate deprivation is 
another option. This method uses a specific inhibitor 
of glycolipid biosynthesis to partially reduce the syn- 
thesis of the unwanted products. The feasibility of 
this approach is presently being tested with N- 
butyldeoxynojirimycin. Oral administration of the 
compound has been shown to result in the reduced 
storage of glycolipid in multiple organs, including the 
brain, and an improved clinical course in mice with 
GM 2 gangliosidosis. The combination of hematopoi- 
etic stem cell transplantation and substrate depriva- 
tion worked even better. The efficacy of the approach 
in humans has to be verified. Gene therapy is still in 
the experimental stage. 
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10.6 Magnetic Resonance Imaging 

A characteristic abnormality in infantile GM 2 gan- 
gliosidosis is a homogeneously and symmetrically in- 
creased density within the thalami on CT scan 
(Fig. 10.1). Sometimes, the caudate nucleus, putamen, 
and globus pallidus are also hyperdense (Fig. 10.1). 
Thalami have a low or mixed low and high signal in- 
tensity on T 2 -weighted MR images. They have a high 
signal on T r weighted images. In addition, MRI shows 
high signal intensity abnormalities on T 2 -weighted 
images in the caudate nucleus, globus pallidus, and 
putamen on both sides (Fig. 10.2). These nuclei have a 
low or mixed low and high signal intensity on T r 
weighted images. The appearance of the cerebral 
white matter is at first suggestive of delayed myelina- 
tion, but over time the signal intensity becomes more 
markedly abnormal, suggesting a combination of dis- 
turbed and abnormal myelination and myelin loss. 
The corpus callosum is well myelinated and intact. 
The cerebellar white matter may also be insufficient- 
ly myelinated and become more deeply abnormal in 
the course of the disease. In later stages cerebral and 
cerebellar atrophy ensues. 

The finding of a high density of the thalamus on 
CT scans and low signal intensity of the thalamus on 
T 2 -weighted MR images is also seen in globoid cell 
leukodystrophy (Krabbe disease). However, in the lat- 
ter disease many more brain structures may show a 



similarly high density on CT, the T 2 hyperintense sig- 
nal abnormalities in the thalami and basal ganglia are 
lacking, and the white matter disease does not spare 
the corpus callosum. The images in GM 2 gangliosido- 
sis are indistinguishable from those seen in GM X gan- 
gliosidosis. 

In late-onset GM 2 gangliosidosis, CT and MRI 
show cerebral and cerebellar atrophy, generally in 
combination with slight white matter signal changes 
(Figs. 10.3, 10.4). These abnormalities are consistent 
with primary neuronal degeneration. Considering 
the histopathological findings, one might expect ab- 
normalities in signal intensity on MR images of basal 
ganglia (Fig. 10.3.). 

A highly unusual patient has been reported by 
Nassogne et al. (2003): this child presented with pro- 
gressive cerebellar ataxia and Babinski signs at the 
age of 3 years. MRI revealed asymmetrical lesions in 
the brain stem and middle cerebellar peduncles with 
some mass effect. The lesions had a high signal on T 2 - 
weighted images and a low signal on T x -weighted im- 
ages, and did not enhance after contrast. The slight 
mass effect suggested a tumoral or inflammatory 
process. A stereotactic biopsy was performed, and mi- 
croscopy revealed evidence of lipid storage in neu- 
rons and glial cells. Enzymatic analysis revealed a de- 
ficiency of hexosaminidase A, indicative of variant B 
of GM 2 gangliosidosis. 




Fig. 10.1. The CT scan of a 12-month- 
old girl with SD {left) shows the hyper- 
density of the thalamus on both sides. 
From Brismar et al. (1 990), with per- 
mission. The CT scan of a 5-year-old 
child with TSD {right) shows hyperden- 
sity of thalamus, globus pallidus, puta- 
men, and caudate nucleus, together 
with some diffuse white matter hypo- 
density and cerebral atrophy. From 
Fukumizu et al. (1 992), with permis- 
sion 
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Fig. 10.2. The T 2 -weighted images of an 18-month-old girl 
with TSD show abnormal thalami, the signal intensity being 
too low. The caudate nucleus, globus pallidus, and putamen 
have a high signal intensity.The caudate nucleus has a slightly 
swollen aspect. The signal intensity of the cerebral white mat- 
ter is diffusely abnormally high, except for the corpus callosum 
and internal capsule.The cerebellar white matter is also abnor- 



mal. TheT r weighted images show that the basal ganglia have 
an abnormally low signal intensity, whereas the thalamus has 
an abnormally high signal. The signal intensity of the cerebral 
white matter is inhomogeneous on theT r weighted images, 
high in some parts and low in others, suggestive of a combina- 
tion of hypomyelination and myelin loss 
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Fig. 10.3. T 2 -weighted images in a 5-year-old boy with juve- tion.The basal ganglia also have a slightly abnormal signal. 
nileGM 2 gangliosidosis show that the cerebral white matter is Courtesy of Dr. P.G. Barth, Department of Child Neurology, 
slightly abnormal, suggestive of underlying axonal degenera- Academic Medical Center, Amsterdam,The Netherlands 
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Fig. 10.4. T 2 -weighted images in a 9-year-old girl with juve- 
nile GM 2 gangliosidosis show a picture of advanced cerebral 
atrophy. There are mild signal abnormalities in the cerebral 



white matter, as seen in neuronal degenerative disorders. 
Courtesy of Dr. S. Blaser, Department of Diagnostic Imaging, 
Hospital for Sick Children,Toronto 



Chapter 1 1 

Fabry Disease 



11.1 Clinical Features 

and Laboratory Investigations 

Fabry disease (FD) is an X-linked recessive disorder. 
The onset of clinical symptoms usually occurs during 
childhood or adolescence, but may be as late as the 
third or fourth decade. Early manifestations consist of 
episodic pain in the extremities and a telangiectatic 
scaly maculopapular rash called angiokeratoma cor- 
poris diffusum. The angiokeratomas usually appear 
between the ages of 7 and 10 years and consist of dark 
red to black nonblanching macules and papules that 
range in size from punctate to 4 mm in diameter. They 
increase in number with time. They have a predilec- 
tion for the genitals, the upper thighs, and the lower 
trunk, and spare the face, scalp, palms, and soles. 

Pain is a predominant symptom of FD, both chron- 
ic acral paresthesias with burning discomfort in the 
hands and feet and episodes of excruciating pain, es- 
pecially of the extremities. The pain crises, which last 
from minutes to several days, are often accompanied 
by fever and an elevated erythrocyte sedimentation 
rate. These episodes can easily be mistaken for 
rheumatic fever. The attacks are triggered by exercise, 
temperature change, fatigue, and emotional stress. 
The painful crises usually persist throughout life and 
are often the most debilitating aspect of the disorder. 

Gastrointestinal symptoms consist of recurrent 
bouts of abdominal pain, described as colic with 
burning pain, located in the mid and lower abdomen. 
Nausea and vomiting are common. These symptoms 
tend to occur after meals and as a result patients are 
often afraid to eat. These complaints frequently lead 
to diagnosis as appendicitis or renal colic. Episodic 
diarrhea may occur, leading to diagnosis as colitis. 
Many patients are underweight. 

Loss of autonomic nerve function leads to hypo- 
hidrosis, which begins at puberty and progresses to 
an absence of sweating by the third decade of life. 
Hypohidrosis results in temperature intolerance and 
overheating during the summer months. It con- 
tributes to the elevation in body temperature during a 
crisis. Saliva and tear formation is also decreased. 

Ophthalmological abnormalities occur in more 
than 90% of the patients and often predate skin 
changes. Whorled corneal opacities (cornea verticil- 
lata), posterior linear lenticular cataracts with narrow 
wavy spokes, and dilatation and tortuosity of con- 
junctival and retinal vessels are frequent; anterior 



lenticular deposits, periorbital edema, and retinal 
edema are less frequent. The corneal and lenticular 
opacities do not impair the visual acuity. Central reti- 
nal artery occlusion may cause acute blindness. 

With increasing age, the major morbid symptoms 
result from the cardiovascular system. Cardiac dis- 
ease is characterized by mitral insufficiency or aortic 
stenosis, left ventricular hypertrophy, hypertrophic 
obstructive cardiomyopathy, dysrhythmias, angina 
pectoris, myocardial ischemia and infarction, and 
congestive heart failure. Cardiac disease is worsened 
by systemic hypertension caused by renal vascular 
disease. 

Cerebrovascular disease results mainly from small 
vessel involvement with transient ischemic attacks, is- 
chemic infarctions, and cerebral hemorrhage. Clinical 
symptomatology includes hemiplegia, hemianesthe- 
sia, aphasia, and seizures. Dementia, personality 
changes, and psychosis may appear in older patients. 

Less prominent clinical signs and symptoms in- 
clude sensorineural hearing loss, tinnitus, delayed 
puberty, short stature, and dysmorphic facial features 
with thickening of the lips and nasolabial folds. 
Chronic airway obstruction may lead to decreased 
pulmonary function and, rarely, pulmonary insuffi- 
ciency. 

Over the years, the patients develop symptoms of 
chronic progressive renal failure with proteinuria, 
lymphedema, other signs of tubular dysfunction, 
renal hypertension, and uremia. The median survival 
of affected males is 50 years. The causes of death are 
predominantly cerebrovascular disease and renal fail- 
ure, unless chronic dialysis or renal transplantation is 
performed. 

Atypical variants have been described with mild 
single symptomatology at ages when patients with 
the classical disease are severely affected. Cardiac 
involvement can be the sole manifestation of the dis- 
ease in some patients. 

In heterozygous female patients, clinical expres- 
sion is variable. Especially with increasing age, symp- 
toms of the disease may become manifest. About 70 % 
of carrier females experience some form of neuro- 
pathic pain. The typical whorled corneal opacities 
can be found in 70-80% of the female carriers. An- 
giokeratomas and hypohidrosis are found in some of 
the females. Gastrointestinal complaints are present 
in about 50%. Renal and cardiac disease, if present, is 
usually milder than in affected males. Transient is- 
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chemic attacks and cerebral infarction may occur, but 
much less frequently than in affected males. The me- 
dian survival of carrier females is 70 years, which is an 
approximate reduction of 15 years from the general 
population. 

Maximal motor and sensory nerve conduction ve- 
locities are usually normal. In contrast, quantitative 
assessment of thermal thresholds often reveals small- 
fiber neuropathy. The amplitudes of the motor and 
sensory nerve action potentials are also decreased. 

The diagnosis of FD is established by demonstra- 
tion of a deficiency of a-galactosidase A activity in 
plasma, leukocytes, urine, cultured skin fibroblasts, or 
single hair roots. Plasma, urine sediment, and cells 
can also be assayed for their content of accumulated 
globotriaosylceramide. The biochemical identifica- 
tion of female carriers is less reliable because of ran- 
dom X-chromosomal inactivation. In female het- 
erozygotes 25-40% have levels of a-galactosidase A 
within the normal range. High-performance liquid 
chromatography of urinary sediment glycolipids is a 
more sensitive test for the detection of carriers. DNA 
analysis permits precise heterozygote detection and 
is preferred in families in which the molecular defect 
has been identified. 

Prenatal diagnosis can be made by fetal sex deter- 
mination and enzyme assay in cultured amniotic flu- 
id cells or chorionic villi. In some pregnancies in 
which the fetus is a female carrier, enzyme activity 
may be very low or deficient in cultured amniotic flu- 
id cells if they are derived from only a few cell clones 
which predominantly express the mutant X chromo- 
some. Without knowledge of the sex of the fetus, this 
result can be misinterpreted as indicating an affected 
male fetus. In chorionic villi, an intermediate enzyme 
activity could either indicate an unaffected female 
carrier or could result from maternal tissue contami- 
nation of the sample from an affected male pregnan- 
cy. Hence, it is necessary to combine enzyme analysis 
with chromosome analysis. DNA analysis is the other 
option for prenatal diagnosis in families in which the 
molecular defect has been identified. 



1 1 .2 Pathology 

The pathology of the nervous system is mostly relat- 
ed to vascular changes. Pathological lipid storage 
occurs in vascular endothelium throughout the brain 
and spinal cord, leading to thickening of vessel walls 
and obstruction of vessels resulting in infarcts. Small 
vessels are particularly involved. Lacunar infarcts are 
seen in the basal nuclei and central white matter. 
Larger infarcts may also be seen. The blood vessels of 
the peripheral nerves are involved as well. 



Apart from vascular endothelium, lipid accumula- 
tion also occurs in the leptomeninges and the choroid 
stroma, in astrocytes, and in neurons in layers V and 
VI of the cerebral cortex, hypothalamus, amygdala, 
subiculum, entorhinal cortex, substantia nigra, peri- 
aqueductal gray, dorsal motor nucleus of the vagus, 
midline raphe nuclei in the medulla oblongata, inter- 
mediolateral cell column, dorsal root ganglia, anteri- 
or horn of the spinal cord, dorsal horn of the spinal 
cord, Meissner's and Auerbach's plexuses, and periph- 
eral autonomic ganglia. Neurons in other areas of the 
CNS, including thalamus, subthalamic nucleus, cau- 
date nucleus, putamen, red nucleus, and cerebellar 
cortex and nuclei do not show signs of lipid accumu- 
lation. Neurons of the more superficial layers of the 
cortex contain some lipid but are relatively spared. 
Quantitative studies of peripheral sensory neurons 
and spinal ganglia have shown preferential loss of 
small myelinated and unmyelinated fibers as well as 
small cell bodies of spinal ganglia. 

Many organs other than the CNS are also affected. 
FD is characterized by widespread deposits of 
lipids, occurring predominantly in the lysosomes of 
endothelial, perithelial, and smooth muscle cells of 
blood vessels and, to a lesser degree, histiocytes 
and reticular cells of connective tissue. The deposits 
are also present in epithelial cells of the cornea, 
in renal glomeruli and tubuli, and in cardiac muscle 
fibers. The dermal lesions are dilated capillaries 
measuring 0.5-2 mm and underlying a hyperkera- 
totic skin. 

Histochemical studies of the deposits show that 
they are PAS-positive, positive with Sudan black, 
show birefringence, and stain with Luxol fast blue. 
Electron microscopic examination reveals that the in- 
clusions are intralysosomal and composed of tightly 
packed lipid lamellae, which may be concentric or 
parallel. 



1 1 .3 Chemical Pathology 

FD is characterized by the accumulation of neutral 
glycosphingolipids, in particular globotriaosylce- 
ramide (=trihexosylceramide), galabiosylceramide 
(= digalactosylceramide), and, to a lesser extent, oth- 
er galactolipids. In the CNS an increased content of 
globotriaosylceramide is found in FD patients, but no 
evidence has been found of an increase in galabiosyl- 
ceramide. The most dramatic increases in globotriao- 
sylceramide are found in the dorsal root ganglia, 
choroid plexus, and leptomeninges, where they can 
exceed 150-fold. Furthermore, globotriaosylceramide 
is present in CSF of FD patients, in contrast to normal 
CSF. 
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1 1 .4 Pathogenetic Considerations 

The basic defect in FD is deficient activity of a-galac- 
tosidase A, the lysosomal enzyme responsible for the 
hydrolysis of terminal a-galactosyl residues from gly- 
colipids and glycoproteins. The gene encoding for the 
enzyme is GALA and is localized on the long arm of 
the X chromosome (Xq22.11). Different mutations 
have been identified. In male patients with classical 
FD (classical hemizygotes) there is no detectable 
enzyme activity and either no detectable enzyme pro- 
tein or normal or decreased amounts of enzyme pro- 
tein. In the latter case, presumably, the enzyme is 
altered and kinetically defective. In mild, atypical 
hemizygotes, some residual enzyme activity is found. 
Females have a variable clinical phenotype related to 
random X inactivation. 

Glycosphingolipids are important constituents of 
plasma cell membranes and of some intracellular 
membranes including lysosomal membranes. Defi- 
ciency of a-galactosidase A leads to progressive accu- 
mulation of neutral glycosphingolipids with terminal 
a-galactosyl residues in lysosomes. The highest in- 
crease is found in globotriaosylceramide and digalac- 
tosylceramide. FD hemizygotes and heterozygotes 
who have blood group B or AB also accumulate B and 
Bi glycosphingolipids, which are normal human ery- 
throcyte antigens. Another neutral glycosphingolipid 
that can accumulate in FD is the P x blood group anti- 
gen. 

There are several factors that may contribute to the 
phenotypic expression. First of all, there is the type of 
mutation. The blood group may also have an effect on 
the severity of the disease. It has often been reported 
that patients with blood group types B and BA are 
more severely affected than patients with blood 
group types O and A. This can be due to the fact that 
patients with blood groups B and BA accumulate the 
erythrocyte antigens B and B x . In female hetero- 
zygotes, the phenotype is also influenced by the pat- 
tern of X chromosome inactivation. 

The pattern of glycosphingolipid accumulation in 
FD differs from that in other glycosphingolipidoses. 
There is a very special cellular and tissue distribution 
of accumulated glycosphingolipids with particular 
involvement of vascular endothelium, smooth mus- 
cles, and neurons. Within the nervous system the pat- 
tern of involved neurons is also very special. A num- 
ber of explanations have been given for this distribu- 
tion of neuronal storage. Site-specific differences in 
globotriaosylceramide metabolism have been pro- 
posed. Absorption of high levels of globotriaosylce- 
ramide from blood has been suggested as the source 
of glycosphingolipids in cells, as concentrations of 
this substance are much elevated in the blood of 
patients with FD. Anatomical location in areas of 
reduced blood-brain barrier could potentially pro- 



mote neuronal absorption from blood, but not all in- 
volved neuronal groups are in such areas. Absorption 
of globotriaosylceramide from the CSF into adjacent 
neurons could be a possible mechanism. Many of the 
involved neuronal groups are located adjacent to the 
CSF. There is, however, selective sparing of neighbor- 
ing neuronal groups similarly exposed to CSF. Selec- 
tive uptake and transfer of globotriaosylceramide by 
neurons could play a role. 

Although structural compromise to the cerebral, 
renal, and cardiac arterial vasculature is believed to 
play a major role in the ischemic events in FD, there is 
also evidence for increased endothelium-mediated 
vascular reactivity and hyperdynamic cerebral circu- 
lation. Patients with FD have been found to have in- 
creased cerebral blood flow velocities. It is presently 
unclear how the disturbance in regulation of the vas- 
cular tone contributes to the ischemic incidents. The 
white matter involvement in FD is of hypoxic-is- 
chemic origin, related to small vessel disease, and not 
demyelinating in nature. 

The correlation of neurological complaints and 
lipid storage is hampered by the presence of a combi- 
nation of neuronal storage, angiopathic infarcts in 
nervous tissue, and deposition of glycosphingolipids 
in end-organs such as the sweat glands in the skin. 
The episodic limb pain typical of FD has been as- 
cribed to dorsal root ganglia neuropathy, peripheral 
small-fiber neuropathy, involvement of substantia 
gelatinosa neurons, and peripheral nerve ischemia 
due to involvement of the vasa nervorum. Autonomic 
dysfunction could arise from involvement of the 
autonomic nervous system at either central or pe- 
ripheral level, but anhidrosis could also be explained 
by dysfunction of sweat glands. The episodic fever 
may be related to lesions of the hypothalamus and to 
the inability to sweat. The clinical correlate of the 
cerebral neuronal glycosphingolipid deposition is 
unclear. Psychosis, personality changes, and dementia 
have been described in FD but are not prominent 
phenomena. Seizures are rare. Apparently the accu- 
mulation of glycosphingolipids in neurons is a prob- 
lem of lesser importance than their accumulation in 
endothelial cells, producing occlusive angiopathy and 
cerebral infarction. 



1 1 .5 Therapy 

Recently, a breakthrough in the treatment of FD pa- 
tients has been accomplished by the successful pro- 
duction of recombinant a-galactosidase A. The first 
results of trials of enzyme replacement therapy are 
very promising. Intravenous administration every 
other week was well tolerated and cleared the globo- 
triaosylceramide deposits in the vascular endotheli- 
um of the kidney, heart, and skin and led to a decrease 
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in globotriaosylceramide concentration in urine sed- 
iment and plasma. The treatment led to significant 
improvement in renal function, cardiac function, car- 
diac conduction, and hearing. Clinically, the patients 
had less neuropathic complaints. Patients with FD 
have elevated cerebral blood flow velocities. These ve- 
locities improved significantly with enzyme replace- 
ment therapy. Similar positive results have been ob- 
served in affected carrier FD females. 

Certain missense mutations produce catalytically 
active mutant a-galactosidase A that is unstable and 
rapidly degraded. Reversible competitive inhibitors 
of a-galactosidase A, such as 1-deoxygalactonojir- 
imycin and galactose, have been shown to be able 
to increase or stabilize the activity of the residual 
mutant a-galactosidase A. Intravenous infusions of 
galactose every other day led to an increase in a- 
galactosidase A activity in circulating lymphocytes 
and endomyocardial cells and improved cardiac func- 
tion in an FD patient with cardiomyopathy as the on- 
ly clinical manifestation. These findings suggest that 
the administration of competitive inhibitors as chem- 
ical chaperones at subinhibitory intracellular concen- 
trations maybe efficacious in the treatment of partic- 
ular variants of FD. 

Substrate deprivation is a rational therapy for FD. 
This approach is based on the inhibition of an earlier 
step in the synthesis of the accumulating glycosphin- 
golipids. Globotriaosylceramide contains glucosylce- 
ramide as its base cerebroside. D-threo-1-ethylene- 
dioxyphenyl-2-palmitoylamino-3-pyrrolidinopropan- 
ol is a potent inhibitor of glucosylceramide synthase. 
Administration of the compound to FD knock-out 
mice led to a concentration-dependent decrease in 
globotriaosylceramide levels in kidney, liver, and 
spleen. The effects on brain levels were less profound. 
The results of human studies are still awaited. 

Gene therapy for FD is in the experimental stage. 
Transplantation of genetically corrected bone mar- 
row cells in a-galactosidase-A-deficient mice in- 
creased a-galactosidase A activity and decreased 
globotriaosylceramide storage in all organs except 
the brain. 

Symptomatic care is important with regard to 
cardiac, pulmonary, and neurological manifestations. 
The pain in FD can in many cases be reduced by 
antiepileptic drugs, such as phenytoin, carbamaze- 
pine, gabapentin, and lamotrigine. Renal insufficien- 
cy requires chronic hemodialysis and/or renal trans- 
plantation. In addition to correcting the chronic renal 
failure, kidney transplantation provides a source of 
a-galactosidase A. Although a transient or sustained 
biochemical and/or clinical improvement has been 



reported in several patients, in others no positive ef- 
fect could be demonstrated. Significant lipid deposi- 
tion and allograft dysfunction have been reported 
several years after transplantation. Several patients 
who underwent successful engraftment died 10-15 
years later from complications of cardiac disease. 



1 1 .6 Magnetic Resonance Imaging 

MRI in FD changes with the course of time. Increas- 
ing with age, 20-30% of the patients have a high sig- 
nal in the pulvinar on Tl -weighted images, whereas 
susceptibility-weighted T 2 * studies demonstrate low 
signal intensity in the more severe cases, suggesting 
mineralization of the pulvinar (Fig. 11.1). This has 
been confirmed by CT. CT may show more extensive 
calcium deposits, particularly in more severely affect- 
ed patients, involving the cerebral cortical-subcorti- 
cal junction, globus pallidus, pulvinar, and cerebellar 
corticomedullary junction. In cases of early and mild 
cerebral involvement, multiple bilateral lacunar in- 
farcts are seen (Figs. 11.1 and 11.2). These may occur 
anywhere in the brain, in both gray and white matter 
structures. The number of small infarcts spread over 
the brain may become very high. In some patients an 
additional small rim of periventricular signal abnor- 
mality is seen (Fig. 11.3). In older patients extensive 
confluent periventricular white abnormalities are 
seen in combination with small lacunar infarcts 
elsewhere in the brain, especially the basal nuclei 
(Fig. 11.4). The pattern of extensive and confluent 
white matter involvement may resemble a demyeli- 
nating disease. However, the presence of additional 
small lesions in the basal ganglia and brain stem 
should suggest the possibility of an underlying vascu- 
lar disorder. This pattern closely resembles the pat- 
tern of Binswanger disease. The anterior temporal ab- 
normalities typically seen in CADASIL are lacking. 
Large infarcts in the territories of the major cerebral 
arteries and cerebral hemorrhages may also occur. 
Ectatic vessels are apparent in some patients. Dilata- 
tion of the ventricles and cortical sulci may occur in 
severe disease. If present, the hyperintensity of the 
pulvinar on T x -weighted images should suggest FD. 

In female heterozygotes, MRI is often normal. 
However, multiple small lesions in the deep white 
matter, thalamus, and basal ganglia as well as more 
confluent periventricular white matter abnormalities 
in combination with lacunar infarctions elsewhere in 
the brain may occur, but usually at a later age than in 
affected males. Hyperintensity of the pulvinar on T r 
weighted images may occur as well. 
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Fig. 11.1. A 42-year-old male patient with Fabry disease. The 
T 2 -weighted (FSE) images {second row) show two lacunar 
infarcts. The CT scan demonstrates calcium deposits in the 
pulvinar {first row, left). The pulvinar has a high signal on T r 



weighted images, a low signal on susceptibility-weighted T 2 * 
images [first row, middle and right). Courtesy of Dr. R. Schiff- 
mann, Developmental and Metabolic Neurology Branch, 
National Institutes of Health, Bethesda, Maryland, USA 
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Fig. 11.2. FLAIR images in a 44-year-old male patient with mann, Developmental and Metabolic Neurology Branch, 
Fabry disease show multiple small infarcts and a rim of high National Institutes of Health, Bethesda, Maryland, USA 
signal surrounding the ventricles. Courtesy of Dr. R. Schiff- 




Fig. 11.3. FLAIR images and a T r weighted image {second row, right.TheT r weighted image shows a high signal in the pulv- 

right) of a 57-year-old male patient with Fabry disease, show- inar. Courtesy of Dr. R. Schiffmann, Developmental and Meta- 

ing multiple infarctions which are partially confluent. There is bolic Neurology Branch, National Institutes of Health, Bethes- 

a cystic lesion in the medial cerebral artery territory on the da, Maryland, USA 
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Fig. 11.4. Sagittal T 2 -weighted images in a 58-year-old male 
patient with Fabry disease {first row) reveal lesions in the brain 
stem and corpus callosum. The axial FLAIR images demon- 
strate extensive, irregular lesions in the periventricular white 
matter. Comparing the FLAIR and T 2 -weighted image at the 



same level {third row, right) shows that part of the lesions are 
cystic. In addition, lesions are present in the brain stem, cere- 
bellar white matter, and basal ganglia. Courtesy of Dr. R. Schiff- 
mann, Developmental and Metabolic Neurology Branch, 
National Institutes of Health, Bethesda, Maryland, USA 



Chapter 12 

Fucosidosis 



12.1 Clinical Features 

and Laboratory Investigations 

Fucosidosis is a very rare, autosomal recessive neuro- 
visceral storage disorder. Two clinical variants have 
been described, but in fact the two types represent a 
continuous clinical spectrum. Mild and severe forms 
can occur within the same family. 

Type I manifests before the end of the first year of 
life with frequent respiratory infections. From the age 
of about 1 year, mental and motor regression occurs. 
Initially, the children show signs of hypotonic weak- 
ness, but later hypertonia and spasticity develop. 
Seizures may occur. In the end stage decorticate and 
decerebrate postures are seen. The children's facial 
appearance resembles that seen in mucopolysaccha- 
ridosis type I, with coarse features and a protruding 
tongue. Other similarities between these disorders 
are growth retardation and a mild to moderate dysos- 
tosis multiplex. Hep ato splenomegaly, cardiomegaly, 
and anhidrosis with a marked increase in the sodium 
chloride content of sweat are present. Death occurs in 
the first decade of life. 

Type II has a milder and more prolonged course. 
Mental retardation becomes evident between the ages 
of 1 and 2 years. The coarse facies, growth retarda- 
tion, and skeletal deformities are very similar to those 
seen in mucopolysaccharidosis type I. Angioker- 
atoma corporis diffusum is a very special characteris- 
tic of this type and is identical to that occurring in 
Fabry disease. The content of sodium chloride in 
sweat is normal, although anhidrosis may be present. 
The patients suffer from similar but milder neurolo- 
gical signs than in type I. These patients survive much 
longer and often reach adulthood. 

In the urine of patients with fucosidosis, an in- 
creased level of fucose-containing glyco conjugates is 
found, including fuco-oligosaccharides and fucogly- 
copeptides. There is evidence that fucosidosis types I 
and II can be distinguished by the pattern of urinary 
excretion. Cytoplasmic vacuolation in circulating 
lymphocytes is common in type I, less frequent in 
type II. Definite diagnosis is established by the 
demonstration of a deficiency of the lysosomal en- 
zyme a-fucosidase in leukocytes, cultured fibro- 
blasts, or other tissue cells. Prenatal detection is pos- 
sible by assessing enzyme activity in amniotic fluid 
cells. DNA-based prenatal diagnosis is possible when 



the mutations responsible in the family at risk have 
been identified. 



12.2 Pathology 

The brain may be enlarged or small, depending on the 
stage of the disease. The most striking feature is dif- 
fuse neuronal ballooning and neuronal loss. The cy- 
toplasm of remaining neurons is packed with small 
vacuoles. These neuronal changes are seen every- 
where in the gray matter. There are prominent white 
matter abnormalities, variably described as deficient 
myelination or demyelination. The white matter is 
deficient in myelin and gliotic. 

Electron microscopy demonstrates that the vac- 
uoles present in brain cells are membrane-bound. 
Many vacuoles contain two different components, 
moderately electron-dense reticular materials and 
parallel lamellae. The vacuoles are present in neu- 
rons, astrocytes, and oligodendroglia. 

Enlargement of many internal organs is found, in- 
cluding liver, spleen, heart, pancreas, thymus, thyroid, 
and kidneys. Marked vacuolar storage is present in 
hepatocytes, Kupffer cells, and bile duct epithelium. 
The gall bladder may be "strawberry-like" and non- 
functioning and the adrenals may be small and at- 
rophic. Granulovacuolar storage is seen in almost all 
organs, including kidney, spleen, lymph nodes, lungs, 
heart, endocrine glands, and sweat glands. In addi- 
tion, vacuoles are present in vascular endothelial 
cells, fibroblasts, bone marrow cells, and circulating 
lymphocytes. 



12.3 Pathogenetic Considerations 

Fucosidosis is caused by a deficiency of the lysosomal 
enzyme acidic a-L-fucosidase. This enzyme hy- 
drolyzes a-fucose from glycolipids and glycoproteins. 
Fucose is a normal sugar constituent of many tissue 
mucopolysaccharides, plasma glycoproteins, and tis- 
sue mucolipids. In fucosidosis, tissues store fucose- 
rich glycolipids, sphingolipids, glycoproteins, oligo- 
saccharides, and mucopolysaccharides. The major 
part of the stored material consists of ceramide con- 
taining fucose and other hexoses. This material is 
derived from secretor antigens and blood group anti- 
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gens, which are fucose-rich glycolipids and glycopro- 
teins. In the liver, there is a major accumulation of gly- 
colipids. These are only present to a minor extent in 
the brain, where oligosaccharides predominate as 
storage material. 

The gene encoding a-fucosidase, FUCA1, is locat- 
ed on chromosome 1 at position lp34. The observed 
clinical variability among patients cannot be ex- 
plained by the nature of the mutations in FUCA1 and 
must be secondary to unknown factors. A region 
showing homology to the fucosidase gene was identi- 
fied on chromosome 2 and designated FUCA1R 
FUCA1P does not encode for fucosidase enzyme 
activity and is a so-called pseudogene. Because of the 
wide variation in clinical severity of fucosidosis, even 
within families, it is of interest to know whether the 
FUCA1P gene could encode for a protein product that 
might affect fucosidase enzyme activity. A third gene, 
FUCA2 on chromosome 6, is thought to regulate the 
fucosidase activity, although it does not encode for 
the fucosidase enzyme. 



12.4 Therapy 

To date therapy has been entirely supportive. Hemato- 
poietic stem cell transplantation has been performed 
in fucosidase-deficient animals. Following successful 
engraftment, increased levels of fucosidase activity 
were found in leukocytes, plasma, and neural and 
visceral tissue. The enzyme reaches viscera and 
peripheral nerves rapidly via phagocytes, but it takes 
months to achieve substantial levels of enzyme activ- 
ity in the CNS. Long-term engraftment from an early 
age reduced the severity and slowed the progression 
of clinical neurological disease in these animals; 
transplantation after the onset of clinical signs was 
not effective. Hematopoietic stem cell transplantation 
has been performed in a few patients and the results 
are promising in those undergoing the transplanta- 
tion early. At present, it is still uncertain whether ear- 
ly treatment will completely prevent the clinical signs 
of disease. 



12.5 Magnetic Resonance Imaging 

CT scan findings include hypodensity of the cerebral 
white matter and globus pallidus. Mildly increased 
density of the thalami has been reported. 

The MR images obtained in a fucosidosis patient 
show symmetrical white matter abnormalities. In 
some patients, the white matter signal behavior on 
T r and T 2 -weighted images is suggestive of moderate 
hypomyelination: the white matter is mildly hyperin- 
tense on both T r and T 2 -weighted images (Fig. 12.1). 
In other patients, however, the white matter has in 
some parts a higher signal intensity on T 2 -weighted 
images than is usual for hypomyelination, and its sig- 
nal on Ti -weighted images is low in places, suggesting 
myelin loss (Fig. 12.2). The subcortical U fibers, inter- 
nal, external, and extreme capsules, and cerebellar 
white matter also have an abnormal signal intensity. 
The corpus callosum is normal in signal, but may be 
thin. The cerebral white matter may have a decreased 
volume with enlarged CSF spaces. The internal 
medullary laminae of the thalamus and in some cas- 
es the lateral and medial medullary laminae of the 
globus pallidus and hypothalamus have a high signal 
on T 2 -weighted images. The globus pallidus, thala- 
mus, and substantia nigra tend to have an abnormal- 
ly low signal on T 2 -weighted images. Cerebral and 
cerebellar atrophy may be seen and may be marked, 
especially in older patients. 

The involvement of a combination of cerebral 
hemispheric white matter, globus pallidus, and thala- 
mus is reminiscent of Canavan disease and later-on- 
set variants of maple syrup urine disease, but in the 
latter two conditions the white matter is swollen, 
whereas it is reduced in volume in fucosidosis. The 
images show resemblance with the pattern observed 
in infantile GM X and GM 2 gangliosidoses, although 
the hypointensity of central brain nuclei on T 2 - 
weighted images is not seen in the latter disorders. 
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Fig. 1 2.1 . The cerebral white matter in this 4-year-old patient 
with fucosidosis has a high signal on both T r and T 2 -weighted 
images, suggestive of moderate hypomyelination.The globus 
pallidus, thalamus, and substantia nigra have a strikingly high 



signal on T r weighted images and low signal on T 2 -weighted 
images. Courtesy of Dr. S. Blaser, Department of Diagnostic 
Imaging, Hospital for Sick Children,Toronto 
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Fig. 12.2. Part of the cerebral white matter in this 7-year-old 
patient with fucosidosis has a high signal on both T r and 
T 2 -weighted images, suggestive of moderate hypomyelina- 
tion, but parts of the deep cerebral white matter have a 
higher signal on T 2 -weighted images and a low signal on 
"^-weighted images, suggestive of myelin loss. Note the signal 



abnormalities in the internal laminae of the thalamus. Also 
note the very low signal of the globus pallidus, thalamus, and 
substantia nigra on T 2 -weighted images. Courtesy of Dr. 
S. Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto 



Chapter 13 

Mucopolysaccharidoses 



13.1 Clinical Features 

and Laboratory Investigations 

The mucopolysaccharidoses (MPS) constitute a fami- 
ly of heritable disorders caused by the deficiency of 
specific lysosomal enzymes involved in the degrada- 
tion of mucopolysaccharides (glycosaminoglycans). 
The mucopolysaccharidoses are classified into six 
groups, which are further subdivided on the basis 
of genetic, biochemical, and clinical findings (Table 
13.1). These disorders share a number of characteris- 
tic clinical features, although there is considerable 
variability among the MPS types and within one type 
of MPS. 

MPS type I, inherited as an autosomal recessive 
disease, can be divided into three subtypes: Hurler 
syndrome, Scheie syndrome, and Hurler-Scheie syn- 
drome. The clinical phenotype in Hurler-Scheie syn- 
drome is intermediate between the severe presenta- 
tion of Hurler syndrome and the mild presentation of 
Scheie syndrome. 

Children with Hurler syndrome (MPS I H) appear 
normal at birth. They may be unusually large in in- 
fancy, but subsequent growth is retarded, finally re- 
sulting in dwarfism. During the first year of life men- 
tal retardation becomes evident, and after several 
years this is followed by progressive deterioration. 



Most children with Hurler syndrome manage to walk, 
but develop only limited language skills. They have a 
characteristic appearance. Prominent features are 
relative macro cephaly, a prominent forehead, coarse 
facial features, hypertelorism, flat nasal bridge, 
prominent bushy eyebrows, thick and dry hair, hir- 
sutism, thick skin, enlarged tongue, hypertrophic 
gums, short and broad hands with stubby fingers, 
short and broad feet, exaggerated lumbar lordosis, 
thoracic kyphosis, and a protuberant abdomen, 
frequently with umbilical and inguinal hernias. On 
physical examination hep ato splenomegaly is found. 
Patients experience increasing joint stiffness and lim- 
itation of joint mobility, which may begin in early in- 
fancy. The preferentially affected joints are shoulders, 
fingers, and wrists. Deformities become apparent 
with claw hands and flexion contractures of elbows 
and knees. Vision becomes impaired due to progres- 
sive corneal clouding. Glaucoma, optic atrophy, and 
pigmentary retinal degeneration can contribute to 
the loss of vision. The majority of children have some 
degree of hearing loss, usually caused by a combina- 
tion of conductive and sensorineural problems. Most 
patients have recurrent upper respiratory tract infec- 
tions, copious nasal discharge, and ear infections. 
Valvular heart disease is common. Occasionally 
patients have progressive communicating hydro- 



Table 13.1. 


Classification of the mucopolysaccharidoses 






Number 


Eponym 


Enzyme deficiency 


Urinary glycosaminoglycan 


■ 


MPSIH 


Hurler 


a-L-lduronidase 


DS,HS 




MPS IS 


Scheie 


a-L-lduronidase 


DS,HS 




MPS 1 H/S 


Hurler-Scheie 


a-L-lduronidase 


DS,HS 




MPS II 


Hunter 


Iduronate sulfatase 


DS,HS 




MPS III A 


Sanfilippo A 


Heparan A/-sulfatase 


HS 




MPS 1MB 


Sanfilippo B 


a-A/-Acetylglucosaminidase 


HS 




MPS NIC 


Sanfilippo C 


acetyl-CoA: a-glucosaminide acyltransferase 


HS 




MPS MID 


Sanfilippo D 


A/-Acetylglucosamine 6-sulfatase 


HS 




MPS IV A 


Morquio A 


Galactose 6-sulfatase 


KS,C-6-S 




MPS IV B 


Morquio B 


p-Galactosidase 


KS 




MPSV 


No longer used 


- 


- 




MPS VI 


Maroteaux-Lamy 


A/-Acetylgalactosamine4-sulfatase 


DS 




MPS VII 


Sly 


p-Glucuronidase 


DS,HS,C-4-S,C-6-S 




MPS VIII 


No longer used 


- 


- 





DS, dermatan sulfate; HS, heparan sulfate; KS, keratan sulfate; C-4-S, chondroitin-4-sulfate; C-6-S, chondroitin-6-sulfate. 
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cephalus caused by dysfunction of arachnoid villi, 
and some patients have overt signs of increased in- 
tracranial pressure. Signs of spinal cord compression 
may occur but are infrequent. 

Not all mentioned signs and symptoms are obliga- 
tory and there is considerable clinical variability. 
However, progressive physical and neurological dete- 
rioration is the rule. Patients with Hurler syndrome 
rarely survive beyond the age of 16 years. Obstructive 
airway disease caused by deposition of mucopolysac- 
charides in soft tissue, respiratory infections, and car- 
diac disease are the usual causes of death. 

Scheie syndrome (MPS I S) represents a mild vari- 
ant of Hurler syndrome. Intelligence is normal. Com- 
mon abnormalities are restricted mobility of joints, 
development of claw hands, hirsutism, variable deaf- 
ness, corneal clouding, and aortic valve disease. 
Stature is normal. Glaucoma and pigmentary retinal 
degeneration may occur, which together with corneal 
opacities lead to impaired vision. Neurological prob- 
lems may occur in the form of carpal tunnel syn- 
drome and cervical cord compression by the thick- 
ened dura. Psychosis has been described in adults 
with Scheie syndrome. First abnormalities are usual- 
ly noted in the second half of the first decade of life, 
and the disease is slowly progressive. 

Hurler-Scheie syndrome (MPS I H/S) represents a 
variant of intermediate severity with onset of clinical 
signs and symptoms between 3 and 8 years. Most pa- 
tients have normal or near-normal intelligence, but 
slowly progressive loss of mental capacities may 
occur. Coarsening of facial features, corneal clouding, 
joint stiffness, and valvular cardiac disease are fre- 
quent. Cervical spinal cord compression may occur. 
Development of communicating hydrocephalus is 
rare. Psychosis may occur in adulthood. Most patients 
survive well into adulthood. Cardiac complications 
and upper airway obstruction are the most common 
causes of death. 

MPS type II or Hunter syndrome is an X-linked 
disorder with two clinical phenotypes, a severe type 
(MPS II A) and a mild type (MPS II B). The mild type 
is rarer than the severe type. The most important dis- 
tinguishing feature is the presence or absence of men- 
tal deterioration. In the severe type progressive intel- 
lectual decline occurs, whereas intellectual perfor- 
mance remains normal or relatively normal in the 
mild type. The age at onset of the severe form is usu- 
ally between 1 and 4 years of age. Early abnormalities 
are coarse facial features, enlargement of the tongue, 
growth retardation, mental retardation, severe behav- 
ioral problems, joint stiffness, gibbus formation, and 
skeletal deformities. Head growth is abnormally 
rapid initially, but slows down after several years. 
Retinal degeneration may occur, but there is no 
corneal clouding. Occasionally characteristic skin 
changes are found. They consist of pebbly, ivory-col- 



ored patches over the lower angle of the scapulae and 
sometimes over the pectoralis area, in the neck and 
on the lateral sides of upper arms and thighs. Progres- 
sive neurological impairment dominates the course 
of the disease. By the age of 6 years, developmental 
skills begin to plateau and to regress. By the age of 10 
years, 90% of the patients are bedridden. The neuro- 
logical deterioration may be worsened by progressive 
communicating hydrocephalus. This problem usually 
arises between 7 and 10 years. Spinal cord compres- 
sion may contribute to the neurological deterioration. 
Upper and lower respiratory tract disease is common. 
Tracheal stenosis may occur. Ear infections and pro- 
gressive hearing impairment occur in most patients. 
There is a high incidence of hepatosplenomegaly and 
inguinal and umbilical hernias. Chronic and in- 
tractable diarrhea is a troublesome problem in many 
of the patients. Cardiac disease is present with valvu- 
lar dysfunction, myocardial thickening, cardiac fail- 
ure, pulmonary hypertension, coronary artery nar- 
rowing, and myocardial infarction. In end-stage dis- 
ease convulsions may occur. Respiratory problems in 
the form of infection or obstruction or cardiac prob- 
lems superimposed on a condition of emaciation are 
the usual causes of death. Death usually occurs 
between 8 and 15 years of age. 

In the mild variant of Hunter syndrome, onset of 
disease is usually between 2 and 6 years. Coarse facial 
appearance is the commonest presenting feature. In- 
telligence is preserved and there are no behavioral 
problems. There are, however, obvious somatic prob- 
lems: hepatosplenomegaly, cardiac symptoms (pri- 
marily valvular in origin), upper and lower respirato- 
ry tract disease, tracheal stenosis, and inguinal and 
umbilical herniae. Diarrhea is less frequent than in 
severe Hunter syndrome. Hearing impairment is 
common. Subtle corneal opacities have been found. 
Retinal degeneration is much less marked than in 
severe Hunter syndrome. The picture of chronic 
papilledema has been observed in about 60% of the 
patients, probably due to the deposition of glyco- 
saminoglycans within the sclerae. The occurrence of 
hydrocephalus is exceptional. Head growth is, how- 
ever, abnormally rapid with evident macro cephaly. 
Cervical myelopathy may occur secondary to at- 
lantoaxial subluxation and dural thickening. Carpal 
tunnel syndrome is common. Death usually occurs in 
early adulthood, although survival into the fifth and 
sixth decade has been described. Death results pri- 
marily from cardiac problems, respiratory infections, 
and upper respiratory airway obstruction. 

Female patients with MPS II are extremely rare 
and are explained by unbalanced expression of the 
mutant X chromosome. 

Sanfilippo syndrome comprises four different 
diseases, MPS III A, B, C, and D, which are caused by 
different enzyme deficiencies. Clinically, however, 
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they are indistinguishable. Sanfilippo syndrome pre- 
sents with great inter- and intrafamilial heterogene- 
ity. The clinical characteristics of the disease are rela- 
tively mild somatic features and severe, progressive 
mental deficiency. Early psychomotor development is 
usually slightly or moderately delayed. Speech devel- 
opment, in particular, is often slow and poor. Intellec- 
tual deterioration is usually evident by school age. 
Dementia occurs early and progresses rapidly in 
some patients, but is more gradual in others. Behav- 
ioral disturbances are often dramatic with extreme 
restlessness and hyperkinesia. Some patients are 
withdrawn and lose contact with their environment. 
Aggression is often present in stressful situations. 
Most of the children are too mentally disabled to 
attend school, but some are able to attend primary 
school. Speech deteriorates, becomes slurred, the 
patient begins to stutter and eventually loses speech 
altogether. Motor functions are less frequently and 
less severely affected, but in some patients the gait be- 
comes unstable with frequent falling. Facial changes 
are mild or absent in most of the patients. Skeletal in- 
volvement is minimal, with only mild dysostosis mul- 
tiplex, kyphosis, scoliosis, and usually normal stature 
for age. Joint stiffness and contractures are mild 
and rarely cause loss of function. Some patients are 
macrocephalic,but most older patients have a normal 
head circumference and may even be microcephalic. 
Hepatomegaly is usual in younger patients, but is 
less frequent in older patients. Splenomegaly is rare. 
Other features that can be found are inguinal and 
umbilical herniae, coarse hair, hirsutism, and sen- 
sorineural hearing loss. Neurological findings are in- 
consistent; they may include hypotonia, hypertonia, 
hyporeflexia, hyperreflexia, tetraparesis, and muscu- 
lar atrophy. Corneas are usually not clouded, but pig- 
mentary degeneration of the retina may occur. Some 
patients develop epilepsy. Many patients develop 
swallowing difficulties with time, necessitating tube 
feeding at later stages. Infections and unexplained 
diarrhea are frequent problems. Cachexia and aspira- 
tion pneumonia are common causes of death. Death 
usually occurs in the second or third decade. 

Morquio syndrome is characterized by marked 
skeletal involvement and preserved intellectual ca- 
pacities. Two types can be distinguished, MPS IV A 
and MPS IV B, characterized by different enzyme de- 
ficiencies. Presenting features of Morquio syndrome 
are growth retardation with dwarfism, short neck and 
trunk, pigeon breast deformity, kyphosis, hyperlor- 
dosis, scoliosis, genua valga, valgus deformity of the 
elbow, and ulnar deviation and broadening of the 
wrist. The tone appears to be decreased due to liga- 
mentous laxity. Decreased joint mobility may occur in 
the large joints. The teeth are usually widely spaced 
and there are numerous minute pits in the abnormal- 
ly thin enamel, causing the surface of the teeth to be 



rough and discolored. Facial features are usually 
coarse and the mouth wide. Corneal opacities may be 
present but are usually mild. Hepatomegaly, cardiac 
valvular abnormalities, and inguinal and umbilical 
hernias may occur. Intelligence is usually normal or 
just below normal. Neurological complaints are 
caused by compression of the medulla or spinal cord 
due to atlantoaxial subluxation and diffuse thicken- 
ing of the cervical dura. The signs of cervical myelo- 
pathy are usually slowly progressive, but occasionally 
acute tetraplegia occurs. Cardiac valvular disease and 
cervical myelopathy contribute to death, which usual- 
ly occurs in late childhood or early adulthood. Sur- 
vival into the fourth and the fifth decade has been 
described. As a rule, MPS IV B has a later onset and 
slower course than MPS IV A, but severe forms of 
MPS IV B and mild forms of MPS IV A have been 
described. A variant of MPS IV B has been described 
with progressive mental handicap. 

Maroteaux-Lamy syndrome or MPS VI clinically 
resembles Hurler disease, but intelligence is pre- 
served. The disease usually presents in the third year 
of life and is characterized by growth retardation, 
coarse facial features similar to but milder than those 
seen in Hurler syndrome, corneal clouding, joint con- 
tractures, claw hand deformities, kyphosis, protru- 
sion of the sternum, hepatosplenomegaly, umbilical 
and inguinal hernias, and mild hirsutism. Nerve 
entrapment syndromes may occur, in particular 
carpal tunnel syndrome. Myelopathy secondary to 
thickening of the cervical dura occurs frequently with 
the insidious development of spastic tetraparesis. 
Exceptional cases with mental retardation have been 
described. Cardiac valvular dysfunction resulting in 
cardiac failure is the most common cause of death. In 
the severe forms death usually occurs in the second or 
third decade, but patients with milder variants of the 
disease have a longer life expectancy. 

Sly syndrome or MPS VII is also characterized by 
considerable clinical variation. In the severe neonatal 
form, hydrops fetalis and dysostosis multiplex are 
prominent early features; the course is rapidly fatal. 
The other end of the clinical spectrum is formed by 
patients with very mild clinical symptomatology, with 
normal intelligence, normal height, absence of coarse 
facial features, and minimal skeletal abnormalities. 
The classical form of the disease is characterized by 
coarse facial features, hepatosplenomegaly, diastasis 
recti, umbilical and inguinal herniae, thoracolumbar 
gibbus, short stature, metatarsus adductus, and vari- 
ably present corneal clouding. Respiratory infections 
are frequent. Early psychomotor development is nor- 
mal, but after 2 or 3 years of life retardation becomes 
evident. Retardation is usually moderate, but severe 
mental deficiency has also been reported. Epilepsy is 
rare. 
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Radiographs show skeletal changes in all MPS 
variants, but the dysostosis multiplex varies in sever- 
ity. Typical findings are cortical sclerosis and thicken- 
ing of the skull, which may involve the base and the 
vault. The pituitary fossa is often elongated and 
J-shaped. Teeth are widely spaced. The head is often 
scaphocephalic and there is early closure of cranial 
sutures, in particular the sagittal and lambdoid 
sutures. Orbits are shallow. Basilar impression may 
occur. In MPS IV odontoid dysplasia is a universal 
finding with a tendency to atlantoaxial subluxation. 
Various types of vertebral dysplasia are seen. Clavi- 
cles are short and stubby. There is anterior flaring of 
the ribs, hypoplasia of the inferior portion of the iliac 
bones, flared iliac wings, oblique acetabular margins, 
and a valgus deformity of the hips. Long bones are 
short and broad with metaphyseal and epiphyseal de- 
formities. Cortical margins are wavy and scalloped. 
Metacarpals and phalanges are widened and short- 
ened. 

The MPS variants were originally classified ac- 
cording to the types of glycosaminoglycans excreted 
in the urine in addition to consideration of clinical 
features. In MPS I and II dermatan sulfate and he- 
paran sulfate are excreted, but inheritance is autoso- 
mal recessive in MPS I and X-linked in MPS II. MPS 
III is associated with excretion of heparan sulfate. 
MPS IV is characterized by excretion of keratan sul- 
fate, MPS VI by excretion of dermatan sulfate. MPS 
VII is associated with excretion of dermatan sulfate, 
heparan sulfate, and chondroitin sulfate. A problem in 
the diagnosis of MPS IV is that keratosulfaturia can 
be fairly easily missed. Special sensitive techniques 
are required for the detection of urinary keratan sul- 
fate excretion. An additional problem of diagnosis in 
MPS IV is that keratan sulfate excretion may be di- 
minished both early and late in the disease process. 

Peripheral blood cells may also show changes re- 
lated to the specific type of MPS. Alder-Reilly granu- 
lation, a coarse reddish-violet granulation present in 
neutrophils in blood films stained with May-Griin- 
wald-Giemsa or Wright stain, is found in MPS VI and 
MPS VII. Vacuolated lymphocytes may be present in 
MPS IV B. Occasionally vacuolated lymphocytes with 
basophilic inclusions can be seen in any of the MPS 
variants. Metachromatic inclusions in lymphocytes 
are most prominent in MPS III. On the whole, how- 
ever, vacuolation of lymphocytes is not usually 
prominent in MPS. Bone marrow aspirates will reveal 
the presence of storage cells. 

Definitive diagnosis of the MPS is established by 
enzyme assays. It is important to realize that not all 
MPS patients have glycosaminoglycan elevations in 
urine. Therefore, enzyme assays should be performed 
in all cases with strong clinical suspicion. Prenatal 
diagnosis is possible for all MPS variants with en- 
zyme assays on cultured amniotic fluid cells or chori- 



onic villus cells. Prenatal diagnosis poses a problem 
in Hunter syndrome because of the X-linked mode of 
inheritance. When the cells obtained are derived from 
only a few cell clones which predominantly express 
the mutant X chromosome, very low enzyme activity 
may be detected in a carrier female fetus. Hence, sex 
determination is essential in prenatal diagnosis of 
Hunter syndrome. In families in which the molecular 
defect has been elucidated, DNA-based prenatal diag- 
nosis is an option. 



13.2 Pathology 

Mental deficiency is an important clinical character- 
istic of MPS I H, MPS II, MPS III, and MPS VII. Neu- 
ropathological findings in the syndromes causing 
mental deficiency are similar. In particular, neuronal 
storage is confined to the MPS variants with intellec- 
tual problems. 

The skull is sometimes grossly thickened. The lep- 
tomeninges are thickened and opalescent. There is a 
marked increase in connective tissue elements and 
there are numerous mononuclear cells containing 
large cytoplasmic vacuoles. These cells stain positive 
for glycosaminoglycans. The blood vessels running 
over the surface of the brain are prominent and 
enveloped by the thickened leptomeninges, which 
extend deep into the brain parenchyma. 

The weight of the brain is usually at the upper lim- 
it of normal or slightly increased. The external sur- 
face is normal or the gyri are slightly atrophic. At the 
cut surfaces increased perivascular spaces with in- 
creased volumes of connective tissue are evident. 
Hydrocephalus is a common finding caused by im- 
paired circulation of CSF through the subarachnoid 
spaces or dysfunction of the arachnoid granulations. 

Within the brain there are two main pathological 
features which may occur in MPS: increase in perivas- 
cular connective tissue, and neuronal storage. 

The neuronal changes are ubiquitous but their ex- 
tent varies in different parts of the brain. Generally, 
the large nerve cells in the cerebral cortex and brain 
stem are the most severely affected. The cytoplasm of 
neurons is distended by an excessive amount of accu- 
mulated material, which stains positively with vari- 
ous Sudan dyes and PAS, corresponding to the pres- 
ence of gangliosides. Variable numbers of neurons are 
in various stages of degeneration and shrinkage. Loss 
of nerve cells is usually mild. Electron microscopic 
examination of neurons shows several types of inclu- 
sions. The most characteristic are the zebra bodies. 
Zebra bodies are single membrane-bound vacuoles 
filled with stacked transverse lamellae, separated at 
intervals by larger clear spaces. In rare instances the 
lamellae have a concentric arrangement and look 
very similar to the membranous cytoplasmic bodies 
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seen in the gangliosidoses. Granular inclusions are 
less common than zebra bodies. Transitional forms 
between zebra bodies and bodies with granular mate- 
rial may occur. Inclusions resembling lipofuscin 
granules are infrequent. All inclusion bodies have 
acid phosphatase activity, indicating their lysosomal 
origin. In MPS the formation of meganeurites has 
been reported as well as the formation of ectopic 
secondary neurites. These are identical to those 
described in GM X and GM 2 gangliosidoses. 

The cerebral white matter and basal ganglia are 
characterized by perivascular lacunation. Radially 
oriented, round to oval cystic white matter abnormal- 
ities are found at cut surfaces. On microscopic exam- 
ination, the adventitia of vessels is abnormally thick 
and consists of a delicate fibrous network with nu- 
merous large cells containing large clear inclusions 
caused by storage of glycosaminoglycans. On electron 
microscopy they appear empty except for a variable 
amount of granular dispersed material. A few lamel- 
lar lipid inclusions resembling the zebra bodies are 
also observed. Loss of myelin may occur around the 
cysts but is not conspicuous. On occasion, focal areas 
of demyelination have been described. Some oligo- 
dendrocytes contain abnormal, clear inclusions. 

In visceral organs a variable degree of cellular vac- 
uolation is seen caused by glycosaminoglycan accu- 
mulation. Hepatocytes and Kupffer cells store gly- 
cosaminoglycans, in particular in MPS I, II, and III, in 
which hepatic fibrosis may occur. In addition to gly- 
cosaminoglycans, Kupffer cells may store ganglio- 
sides. Glycosaminoglycan storage is found in lymph 
nodes, spleen, kidney, and the heart. Cardiac valvular 
dysfunction is caused by the presence of large foamy 
cells and an increase of connective tissue. Fibroblasts 
in skin, cornea, and conjunctiva, endothelial cells of 
the vascular system, smooth muscle cells, skeletal 
muscle cells, macrophages, epithelial cells of distal 
and collecting tubules of the kidney, chondrocytes, 
osteoblasts, and periosteal cells of bone and cartilage 
show glycosaminoglycan storage. There are irregular- 
ities in enchondral ossification with variations in size 
and shape of the diaphyses of the long bones, pe- 
riosteal fibrosis, and various degrees of fibrosis and 
lipid storage in marrow tissue. 



13.3 Chemical Pathology 

Chemical analysis of the brain and leptomeninges 
reveals a highly increased concentration of gly- 
cosaminoglycans. The level of glycosaminoglycans is 
much higher in the meninges than in brain tissue, 
where the largest amounts of glycosaminoglycans are 
found in vascular and perivascular tissue. In MPS I 
and MPS II, it is mainly dermatan sulfate that is stored, 
whereas in MPS III it is mainly heparan sulfate. 



In MPS I, MPS II, and MPS III, chemical studies 
demonstrate that in neuronal perikarya glycosamino- 
glycans and gangliosides are increased. Ganglioside 
storage involves the gangliosides GM 2 , GM 3 , and GD 3 . 
These substances together amount to 65 % of the gan- 
gliosides stored in neurons. The ganglioside storage is 
comparable in magnitude to the amounts stored in 
the gangliosidoses. 



13.4 Pathogenetic Considerations 

Proteoglycans are complex molecules consisting of 
long sulfated polysaccharide chains with up to 100 
sugar residues covalently linked to a protein core. 
Glycosaminoglycans, formerly called mucopolysac- 
charides, are degradation products derived by proteo- 
lytic removal of the protein core of proteoglycans. 
Many enzymes are necessary in the intralysosomal 
stepwise degradation of each of the glycosaminogly- 
cans dermatan sulfate, heparan sulfate, keratan sul- 
fate, and chondroitin sulfate. In deficiencies of the re- 
lated enzymes the undegraded or partially degraded 
glycosaminoglycans are stored in the lysosomes. 

The respective enzyme deficiencies in the var- 
ious forms of MPS are listed in Table 13.1. qc-l- 
Iduronidase, the enzyme that is deficient in MPS I, is 
encoded by the gene IDUA, located on chromosome 
4pl6.3. It hydrolyzes terminal a-L-iduronate residues 
from dermatan sulfate and heparan sulfate. Iduronate 
sulfatase, the enzyme that is deficient in MPS II, is en- 
coded by the gene IDS, located on chromosome Xq28. 
It removes a sulfate group from L-iduronate present in 
dermatan sulfate and heparan sulfate. In a concerted 
action, the four enzymes related to MPS III accom- 
plish removal of the variably substituted a -linked 
glucosamine residues from heparan sulfate. Heparan 
N-sulfatase, the enzyme that is deficient in MPS III A, 
is encoded by the gene MPS3A y located on chromo- 
some 17q25.3. It removes sulfate groups linked to the 
amino group of glucosamine. The enzyme is impor- 
tant in the breakdown of heparan sulfate. The enzyme 
is also called sulfamate sulfohydrolase or sulfamidase. 
a-AT-Acetylglucosaminidase, the enzyme deficient in 
MPS III B, is encoded by the gene NAGLU, located on 
chromosome 17q21. It removes AT-acetylglucosamine 
residues in heparan sulfate. Acetyl-CoA:a-glu- 
cosamide acetyltransferase, the enzyme that is defi- 
cient in MPS III C, is encoded by the gene MPS3C, 
located on chromosome 14. It catalyzes the acylation 
of glucosamine amino groups that have become ex- 
posed by the action of heparan AT-sulfatase. After the 
acylation of glucosamine amino groups, a-AT-acetyl- 
glucosaminidase removes the AT-acetylglucosamine 
group. N-acetyl-glucosamine 6-sulfatase is deficient 
in MPS III D; the gene, GNS or G6S, is located on chro- 
mosome 12ql4. This enzyme desulfates 6-sulfated N- 
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acetylglucosamine residues of heparan sulfate and 
keratan sulfate. Since hexosaminidase A can bypass 
the block in the degradation of keratan sulfate, only 
the block in the degradation of heparan sulfate is im- 
portant. Galactose 6-sulfatase, the enzyme deficient 
in MPS IV A, is encoded by GALNS, located on chro- 
mosome 16q24.3. It cleaves sulfate from 6-sulfated 
galactose residues of keratan sulfate and 6-sulfated N- 
acetylgalactosamine residues of chondroitin 6-sul- 
fate. p-Galactosidase, the enzyme deficient in MPS IV 
B, is encoded by a gene GLB1 located on chromosome 
3p21.33. It removes galactose residues of keratan sul- 
fate. AT-acetylgalactosamine 4-sulfatase, also called 
arylsulfatase B, is deficient in MPS VI. It is encoded by 
the gene ARSB y located on chromosome 5ql3-14. It 
hydrolyzes the sulfate groups in the 4-position of AT- 
acetylgalactosamine residues in dermatan sulfate and 
chondroitin 4 -sulfate. Urinary chondroitin 4 -sulfate 
is not elevated in MPS VI, probably because the enzy- 
matic block is bypassed by the action of lysosomal 
hyaluronidase. p -Glucuronidase, the enzyme defi- 
cient in MPS VII, is encoded by the gene GUSB y locat- 
ed on chromosome 7q21.1 1. It removes p-glucuronate 
residues present in dermatan sulfate, heparan sulfate, 
and chondroitin sulfate. 

The same enzyme deficiency underlies MPS IV B 
and GMi gangliosidosis. p-Galactosidase hydrolyzes 
terminal p-linked galactose residues found in GMi 
ganglioside, glycoproteins, and oligosaccharides, as 
well as keratan sulfate. Deficiency of enzyme activity 
toward all substrates causes GM X gangliosidosis. A 
mutation that predominantly impairs catalytic activ- 
ity towards keratan sulfate results in MPS IV B. 

In the absence of specific enzymes, nondegraded 
or partially degraded glycosaminoglycans accumu- 
late in lysosomes and are partially excreted in urine. 
Glycosaminoglycans normally constitute the "ground 
substance" of connective tissue. They are attached to 
protein in proteoglycans, the macromolecular forms 
in which they exist in connective tissue. In MPS main- 
ly bone and connective tissue are affected, causing the 
most characteristic clinical signs and symptoms: 
growth retardation, dysostosis multiplex, coarse 
facial features, joint stiffness, corneal opacities, valvu- 
lar heart disease, and upper airway narrowing. In the 
CNS storage of glycosaminoglycans also occurs in 
connective tissue elements. Thickening of the lep- 
tomeninges may lead to hydrocephalus and to com- 
pression of the spinal cord in the cervical region, 
resulting in cervical myelopathy. Subluxation of the 
odontoid process can contribute to spinal cord com- 
pression. Storage in perineural tissue may lead to en- 
trapment neuropathy. Within the brain, glycosamino- 
glycans are stored in the tissue around vessels. 

In addition to glycosaminoglycans, there is evi- 
dence of accumulation of gangliosides (GM 2 , GM 3 , 
and GD 3 ) in the brain of MPS patients, especially in 



MPS I, II, and III. Intralysosomal storage of ganglio- 
sides leads to the formation of zebra bodies and 
membranous cytoplasmic bodies, similar to those 
seen in GM X and GM 2 gangliosidoses. The question is 
what causes the storage of gangliosides. Apart from 
P-galactosidase, none of the enzymes involved in 
MPS plays a role in ganglioside breakdown. It has 
been demonstrated, however, that the activity of sev- 
eral additional lysosomal enzymes is reduced in the 
MPS, probably as a result of inhibition by the accumu- 
lating glycosaminoglycans, and this decreased en- 
zyme activity may lead to ganglioside storage. The 
accumulation of gangliosides is probably responsible 
for the formation of meganeurites and ectopic sec- 
ondary neurites, as these are also seen in GM X and 
GM 2 gangliosidoses. It is striking that the ganglioside 
storage is only found in MPS subtypes characterized 
by mental deficiency. These phenomena are most 
probably related. 

There is a striking clinical variability within all 
MPS subtypes. An example is found in MPS I, in 
which Hurler syndrome is the most severe variant, 
Scheie syndrome the mild variant, and the Hurler- 
Scheie syndrome in between. The Scheie syndrome 
was previously classified as a separate disease entity, 
MPS V, until it became known that deficiency of the 
same enzyme underlies both Hurler syndrome and 
Scheie syndrome. It is probable that the clinical 
heterogeneity is caused by the presence of different 
mutant alleles, the Hurler patients having two severe 
mutations and the Scheie patients two mild muta- 
tions. It is likely that the type of mutation determines 
the residual activities of the mutant enzymes, which 
are associated with wide clinical variation within as 
well as between clinical subgroups. Environmental 
factors and modifying genes may also play a role in 
clinical severity, being in particular responsible for 
intrafamilial variability. A special phenomenon is the 
rare occurrence of clinical disease in female MPS II 
carriers, caused by unbalanced inactivation of the 
normal X chromosome. 



1 3.5 Therapy 

Hematopoietic stem cell transplantation presently 
represents the best therapeutic option in most MPS 
variants, if performed early in the course of the dis- 
ease. In MPS I H, early transplantation with success- 
ful engraftment can preserve intellectual function 
and prevent or improve the systemic manifestations 
of the disease. Depending on the stage in which the 
transplantation is performed, mental decline is pre- 
vented or arrest or slowing of the mental regression is 
achieved. Progressive hydrocephalus requiring shunt- 
ing does not occur after transplantation. Hepato- 
splenomegaly, joint stiffness, upper airway obstruc- 
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tion, and cardiac problems resolve or improve. How- 
ever, hematopoietic stem cell transplantation does 
not reverse the progression of the skeletal abnormal- 
ities in MPS I H. Hematopoietic stem cell transplanta- 
tion also leads to improvement in MPS I H/S and MPS 
I S,but these patients maybe better candidates for en- 
zyme replacement therapy. Hematopoietic stem cell 
transplantation in MPS II A and B may lead to im- 
provements with respect to organomegaly, airway 
obstruction, and cardiac function. However, cognitive 
decline occurs despite early successful transplanta- 
tion in MPS II A. In MPS II B cognitive function re- 
mains intact, as expected on the basis of the natural 
history of the disorder. As in MPS II, hematopoietic 
stem cell transplantation is able to effectively treat the 
somatic aspects of MPS III, but the progressive neu- 
rocognitive and behavioral deterioration that causes 
the dominant problems in the clinical picture of MPS 
III is not halted. For this reason, hematopoietic stem 
cell transplantation is generally not recommended 
for MPS III. Hematopoietic stem cell transplantation 
is unable to ameliorate the severe skeletal abnormali- 
ties which dominate the clinical phenotype in MPS 
IV, and this treatment is therefore not recommended 
for MPS IV. In MPS VI, hematopoietic stem cell trans- 
plantation leads to resolution of hep ato splenomegaly 
and airway obstruction, prevents further cardiopul- 
monary deterioration, and improves joint mobility. 
The skeletal abnormalities, however, do not benefit 
from the treatment. The experience in MPS VII is lim- 
ited due to the rarity of the disease, but there is evi- 
dence for beneficial effects on neurocognitive, motor, 
and pulmonary outcome. 

Enzyme replacement therapy has been applied so 
far only in MPS I. Administration of recombinant 
a-L-iduronidase leads to a decrease of the hepato- 
splenomegaly, increased growth rate in prepubertal 
patients, improved joint mobility, and decreased air- 
way obstruction. This mode of treatment is consid- 
ered for other MPS variants as well. Although sys- 
temic improvement is likely, no beneficial effects on 
the neurological manifestations is expected. 

Various forms of in vivo and ex vivo gene therapy 
are being studied in animal models. 

Symptomatic treatment is very important in MPS. 
Corneal transplantation can be performed in cases of 
corneal clouding; however, poor vision caused by reti- 
nal degeneration or optic atrophy cannot be reversed. 
Hearing aids may be helpful in cases of significant 
hearing loss. Exercise to optimize joint mobility 
should be started early. Airway obstruction may be 
alleviated by tonsillectomy, adenoidectomy, and, if 
necessary, tracheobronchial stent insertion. Some- 
times a tracheostomy is required. Cardiac evaluation 
at regular intervals with echocardiography is impor- 
tant. Cardiac valve replacement is occasionally per- 
formed in cases of valvular disease. Bacterial endo- 



carditis prophylaxis should be advised for MPS pa- 
tients with valvular abnormalities. Progressive hydro- 
cephalus may require ventriculoperitoneal shunting. 
Carpal tunnel syndrome is a common complication 
in MPS patients and surgical decompression should 
be performed early, before permanent nerve damage 
occurs. Cervical fusion to prevent atlantoaxial sub- 
luxation is performed to prevent or treat cervical 
spinal cord compression, especially in MPS IV Anes- 
thesia poses a particular problem in MPS. Atlantoax- 
ial instability requires careful positioning and avoid- 
ance of hyperextension of the neck. Another problem 
may be difficulty in maintaining an adequate airway 
during anesthesia and postoperative airway obstruc- 
tion. Sudden cardiovascular collapse may be caused 
by a combination of valvular disease, myocardial 
thickening, systemic and pulmonary hypertension, 
and narrowing of coronary arteries, all contributing 
to congestive heart failure. 
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The MRI abnormalities found in MPS vary greatly in 
severity from absent or negligible to severe, with a 
marked variation among sibs. However, in them- 
selves, the abnormalities are fairly homogeneous. 

Over the years many patients develop white matter 
abnormalities. These consist of multiple small spot- 
like lesions dispersed in the white matter, with a 
predilection for the parietal and occipital white mat- 
ter. The signal intensity follows the signal intensity of 
CSF, indicative of the cystic nature of the lesions. The 
cystic areas often have a radial orientation from the 
subependymal region toward the cortex (Figs. 13.1 
and 13.2). Punched-out cystic areas are often also pre- 
sent in the corpus callosum, best visualized on the 
sagittal images (Figs. 13.1 and 13.2). These cystic 
white matter lesions represent the perivascular lacu- 
nae seen on histopathological examination. In excep- 
tional cases, the thalamus and basal ganglia have a 
honeycomb -like appearance, related to highly en- 
larged perivascular spaces in these areas. In addition, 
T 2 -weighted and FLAIR images may show multifocal 
smaller and larger hyperintense areas, the signal in- 
tensity of which does not follow that of CSF. These 
areas may become extensive and confluent, and prob- 
ably reflect gliosis, which is also seen on histopatho- 
logical examination. The white matter abnormalities 
can be progressive on follow-up MRI. MRI and CT 
have demonstrated that white matter abnormalities 
may occur in all MPS variants. MRI may show a delay 
in myelination in young children. 

Another frequent observation consists of ventricu- 
lar enlargement, with or without accompanying en- 
largement of subarachnoid spaces. Enlargement of 
CSF spaces may occur in all MPS variants. The ven- 
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Fig. 13.1. A 3-year-old boy with Hurler syndrome (MPS I). 
The sagittal T^weighted images show the radial stripes of 
enlarged perivascular spaces, most prominent in the parietal 
region and also seen in the corpus callosum.TheT 2 -weighted 



images confirm the enlarged perivascular spaces and show 
more extensive areas of signal abnormality in the region of 
the perivascular spaces. Courtesy of Dr. S. Blaser, Department 
of Diagnostic Imaging, Hospital for Sick Children,Toronto 



tricular enlargement is of variable severity and is in 
some cases progressive. Some of the patients appear 
to have enlarged CSF spaces on the basis of diffuse 
atrophy of the brain parenchyma. In many cases, how- 
ever, the enlargement of the CSF spaces is caused by 
hydrocephalus as a consequence of disturbed CSF re- 
sorption. Signs of hydrocephalus are upward bulging 



Fig. 1 3.2. A 4-year-old boy with Hunter syndrome (MPS ll).The 
sagittal and axial T r weighted images show the radial stripes 
of enlarged perivascular spaces, most prominent in the pari- 
etal region and the corpus callosum.TheT 2 -weighted images 
confirm the enlarged perivascular spaces and show more ex- 
tensive signal abnormalities in the region of the perivascular 
spaces. Courtesy of Dr. S. Blaser, Department of Diagnostic 
Imaging, Hospital for Sick Children,Toronto 
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Fig. 13.2. 
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Fig. 13.3. Spinal MRI of a 5-year-old boy with Maroteaux- 
Lamy syndrome (MPS VI) shows abnormalities of the cranio- 
cervical junction, with deposits of mucopolysaccharide mate- 
rial around the dens, narrowing the spinal canal. The T 2 - 
weighted images show no free CSF space around the cervical 



spinal cord. The cervical vertebrae show platyspondyly. In the 
lower part of the vertebral column,T12, L1,L2,and L3 are dys- 
morphic with agenesis of the anterior parts of the vertebrae, 
resulting in local kyphosis 




Fig. 1 3.4. A 5-year-old boy with 
Morquio syndrome (MPS IV). The mid- 
sagittal images show the intradural 
mucopolysaccharide deposits, leading 
to severe narrowing of the arachnoid 
space at the level of the craniocervical 
junction with compression of the 
spinal cord. Courtesy of Dr. P.Tortori 
Donati, Department of Pediatric 
Neuroradiology, G. Gaslini Children's 
Hospital, Genoa, Italy 



Chapter 14 

Free Sialic Acid Storage Disorder 



14.1 Clinical Features 

and Laboratory Investigations 

The sialic acid storage disorders include severe infan- 
tile sialic acid storage disease (ISSD) and a milder 
variant, Salla disease (SD). Intermediate variants have 
also been reported. 

ISSD is a rare disorder, presenting in the neonatal 
period with coarse facial features, hepatospleno- 
megaly, and often ascites or hydrops. Cardiomegaly 
and heart failure may also be present. The patients 
usually display generalized hypotonia. The subse- 
quent clinical course is invariably characterized by 
failure to thrive and grossly delayed development. 
Most patients have hypopigmented skin and fair hair. 
Albinoid fundi and optic atrophy may be present. 
Mild hypertrophy of the tongue and gums may be 
seen. A nephrotic syndrome may complicate the 
course of the disease. Spastic tetraparesis develops 
with increased muscle tone and hyperactive tendon 
reflexes. Seizures may occur. There are recurrent res- 
piratory tract infections. Hypothyroidism has been 
reported infrequently. The age at death varies from 
soon after birth to 5 years of age. 

SD occurs with a relatively high frequency in Fin- 
land. Pregnancy and the perinatal period are un- 
eventful. The first clinical signs usually appear at 6-9 
months of age and include hypotonia, ataxia, and nys- 
tagmus. Gradually the patients develop spasticity. 
Many develop signs of athetosis. Motor development 
is delayed, and about 30 % of the patients never walk 
without support. Speech development is also delayed, 
and the speech is dysarthric. The nystagmus disap- 
pears. Most patients acquire a divergent squint. Many 
patients are growth-retarded with a height below the 
second percentile. Mental development is delayed 
from early on, and most adults are severely mentally 
handicapped. Facial features may become coarse late 
in the course of the disease. Epileptic seizures may oc- 
cur. Rarely, endocrine disturbances have been report- 
ed, including growth hormone deficiency and hypo- 
gonadotropic hypogonadism. The clinical course in 
SD patients is often static for many years, which de- 
lays evaluation for a metabolic disorder. The life span 
is relatively long. Most patients die in their thirties, 
but death in the seventies is also known to occur. 

A few patients have been reported with a pheno- 
type intermediate between SD and ISSD, and in fact 



there is a phenotypic continuum between ISSD and 
SD. 

Light microscopic examination of blood smears 
and bone marrow specimens reveal vacuolated lym- 
phocytes in almost all ISSD patients and in most SD 
patients; young SD patients in particular may not 
have them. Electron microscopy of skin or conjuncti- 
val biopsy reveals vacuoles in many cell types includ- 
ing fibroblasts, smooth muscle cells, perineural cells, 
and Schwann cells. These vacuoles are bound by a 
single membrane and prove to be lysosomes. Most of 
them seem empty, but some contain small amounts of 
fibrillogranular material, membrane fragments, and 
occasional dark globules. 

Dysostosis multiplex is found in about half of the 
patients with ISSD. Skeletal abnormalities are rare in 
SD and may include ovoid deformation of the verte- 
bral bodies and a thickened calvarium of the skull. In 
SD EEG initially shows a slowing of background 
activity; in some patients epileptic activity is seen. 
With increasing age a gradual decrease in amplitude 
occurs; in adults a low-voltage EEG is a consistent 
finding. Motor and sensory nerve condition velocities 
are reduced in about half of the SD patients. So- 
matosensory evoked potentials are abnormal in the 
majority of SD patients, but visual and brain stem 
auditory evoked potentials are usually normal. The 
most prominent changes in nerve conduction and 
evoked responses are seen in the patients with the 
most severe disease. 

Demonstration of increased urinary excretion of 
free sialic acid and sialic acid accumulation in cul- 
tured fibroblasts is the mainstay of the laboratory 
diagnosis in both ISSD and SD. The levels of sialic 
acid excretion vary widely among patients. The level 
reflects more or less the severity of the clinical dis- 
ease. Confirmation of the diagnosis by DNA analysis 
is possible. 

Prenatal diagnosis is possible by assay of free 
sialic acid in a chorionic villus biopsy or by molecular 
studies. In all families in which the mutation is 
known, the latter option is the most reliable, in par- 
ticular in SD, in which the increase in sialic acid in 
chorionic villi of an affected fetus is less pronounced 
than in ISSD. The use of cultured amniotic fluid cells 
is less appropriate because the elevation of the free 
sialic acid content in these cells may be only moder- 
ate. 
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14.2 Pathology 

In ISSD, the brain has a firmer consistency at autopsy. 
There is some atrophy of the brain which a marked 
dilatation of the lateral ventricles. On sectioning, the 
white matter is firm and reduced in volume. 

Histological examination shows clear vacuoles in 
neurons and astrocytes at all levels of the CNS. The 
stromal cells of the choroid plexus also contain these 
vacuoles. There may be neuronal loss in some areas. 
Axonal spheroids are present in all gray matter struc- 
tures. The white matter is poorly myelinated and 
severely gliotic. The cerebellar white matter is also 
poorly myelinated and may show microcalcifications. 
Axonal spheroids are present in the cerebral and cere- 
bellar white matter. 

In SD, there is some external atrophy of the brain at 
autopsy. On sectioning, a marked reduction in white 
matter volume is found, whereas the cortex and basal 
ganglia are macroscopically normal. The corpus cal- 
losum is very thin. The cerebellum is atrophic with a 
markedly reduced white matter volume. Brain stem 
and spinal cord may appear thinner than normal. 

Histological examination reveals storage of large 
amounts of lipofuscin in the perikarya of neurons in 
the cerebral cortex, thalamus, basal ganglia, brain 
stem nuclei, cerebellar cortex, and spinal cord. There 
may be extensive loss of Purkinje cells in the cerebel- 
lum. The cerebral and to a lesser extent the cerebellar 
white matter demonstrate severe myelin paucity with 
a marked loss of axons as well, accompanied by pro- 
nounced astrogliosis. The remaining axons frequent- 
ly show spheroids. 

On electron microscopy, a single membrane binds 
the cellular inclusions, indicative of lysosomes. They 
are filled with sparse fibrillogranular material and 
occasionally small neutral lipid droplets. 

The sural nerve is normal on light microscopic ex- 
amination, but electron microscopy shows vacuolar 
inclusions in the cytoplasm of Schwann cells. 

In ISSD widespread storage of fibrillogranular ma- 
terial within large vacuoles is found in virtually all 
tissues of the body, including skin, conjunctiva, liver, 
kidney, myocardium, and bone marrow. Vacuolated 
lymphocytes can also been seen in blood. In SD the 
storage is less impressive. 



14.3 Chemical Pathology 

The material stored in ISSD and SD consists almost 
exclusively of AT-acetylneuraminic acid. Studies of 
various tissues including the brain give identical 
results. 



14.4 Pathogenetic Considerations 

Free sialic acid storage disorders are autosomal reces- 
sive lysosomal storage disorders characterized by the 
accumulation of the acid monosaccharide sialic acid 
in lysosomes, caused by a defective efflux of sialic acid 
from the lysosomes. The basic defect in both ISSD 
and SD concerns the lysosomal free sialic acid trans- 
porter. The related gene SLC17A5 is located on chro- 
mosome 6ql4-15. The gene has also been designated 
AST (for anion and sugar transporter). This gene en- 
codes the protein sialin, a predicted integral lysoso- 
mal membrane protein. 

The anion and sugar transporter does not only 
transport sialic acid. The transporter carries acid 
monosaccharides, but also aliphatic nonsugar mono- 
and dicarboxylates. So, N-substituted acid monosac- 
charides (N-acetylneuraminic acid and iV-glycolyl- 
neuraminic acid), glucuronic acids (the class of hex- 
oses with a carboxyl on C-6), and glucoaldonic acids 
as well as lactic acid and a-ketoglutarate are all trans- 
ported by the same carrier. Additionally, a large num- 
ber of organic anions bind to the carrier, inhibiting 
transport function. 

Both ISSD and SD patients have mutations in the 
AST gene. Almost all Finnish SD patients have the 
same missense mutation in both alleles. The patients 
who are compound heterozygous for the Finnish 
mutation and another mutation usually have a more 
severe SD phenotype (intermediate phenotype). A 
variety of mutations, including deletions, insertions, 
missense, and nonsense mutations, are found in ISSD 
patients. These findings suggest that there is some 
genotypic-phenotypic correlation. 

Sialic acids constitute a family of over 30 com- 
pounds derived from neuraminic acid. In humans, 
N-acetylneuraminic acid is the predominant sialic 
acid, referred to simply as "sialic acid." Normally, a 
small portion of total sialic acid is free in tissues and 
body fluids. Most sialic acid is bound to glycoconju- 
gates, providing these macromolecules with a nega- 
tively charged terminal sugar that serves many func- 
tions. No biological role is attributed to free sialic 
acid. Free sialic acid is produced in the lysosome by 
the degradation of sialylated oligosaccharides by 
neuraminidase. Sialic acid is removed from lyso- 
somes for further metabolism by a specific mem- 
brane transporter system. 

As a result of the defective transport of free sialic 
acid from lysosomes, patients store it excessively in 
many types of tissues and cultured fibroblasts and ex- 
crete large amounts in urine. Free sialic acid storage 
disorders must be discriminated from other forms of 
sialic acid storage, namely sialidosis, galactosialido- 



sis, and sialuria. In sialidosis and galactosialidosis, 
bound sialic acid accumulates as the terminal sugar of 
complex oligosaccharides, which remain undegraded 
as a result of deficient lysosomal sialidase (neu- 
raminidase) or as a result of a defect in protective 
protein. Sialuria results from the lack of feedback in- 
hibition of the enzyme epimerase, which is involved 
in the biosynthesis of sialic acid form AT-acetylman- 
nosamine. 

The pathophysiology of the myelin deficiency is 
unknown in ISSD and SD. Widespread storage of sial- 
ic acid in neurons and astrocytes may lead to dys- 
function of these cells from early on. Myelin is de- 
posited in a close collaboration and interdependence 
of neurons, oligodendrocytes, and astrocytes. This 
collaboration may be severely disturbed in the sialic 
acid storage disorders, leading to a profound defi- 
ciency of myelin. 



14.5 Therapy 

There is no causal treatment for sialic acid storage 
disorders. For both ISSD and SD, treatment is only 
supportive. 
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normal or moderately increased in size and the sub- 
arachnoid spaces are prominent. The corpus callo- 
sum is thin (Fig. 14.1). The brain stem and cerebellar 
white matter are usually better myelinated, although 
hypomyelination of the cerebellar white matter has 
also been observed (Fig. 14.1). The internal capsule is 
myelinated to a variable extent. In older patients vari- 
able atrophy of the cerebellum and brain stem is 
found. There is a correlation between the imaging 
findings and the clinical phenotype: better myelina- 
tion is seen in patients with milder clinical symp- 
toms. 

The images in ISSD and SD are similar to those in 
Pelizaeus-Merzbacher disease. Proton MRS, however, 
distinguishes ISSD and SD from Pelizaeus-Merz- 
bacher disease by showing elevations of sialic acid. 
Sialic acid (= AT-acetylneuraminic acid) co-resonates 
with AT-acetylaspartate. The result is a very high 
"NAA" peak at 2.02 ppm in a patient with a Peli- 
zaeus-Merzbacher-like MRI. NAA is not equally high 
in Pelizaeus-Merzbacher disease. 



14.6 Magnetic Resonance Imaging 

In ISSD MRI is characterized by a severe deficiency in 
myelin and a reduction in volume of the cerebral 
white matter, with enlargement of the lateral ventri- 
cles and in particular the subarachnoid spaces. The 
sylvian fissure may be wide open. 

In SD MRI show a similarly serious myelin defi- 
ciency, but the reduction in cerebral white matter vol- 
ume is less severe (Fig. 14.1). The lateral ventricles are 



Fig. 14.1. The sagittal images in a 7-year-old girl with Salla 
disease demonstrate the thin corpus callosum and cerebellar 
atrophy. The axial T 2 -weighted images show that the cerebral 
white matter has a high signal intensity throughout, consis- 
tent with myelin deficiency. The internal capsule is also hy- 
pomyelinated.The cerebellar white matter appears to contain 
more myelin, although still less than normal. The brain stem is 
myelinated best. Courtesy of Dr. J. 0stergaard, Department of 
Pediatrics, and Dr.T. Christen sen, MRI Research Center, Univer- 
sity Hospital of Aarhus, Denmark. (Fig. 14.1 see next page) 
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Fig. 14.1. 



Chapter 15 

Neuronal Ceroid Lipofuscinoses 



15.1 Clinical Features 

and Laboratory Investigations 

The neuronal ceroid lipofuscinoses (NCL), often col- 
lectively called Batten disease, constitute a group of 
progressive neurodegenerative disorders character- 
ized by accumulation of ceroid lipopigment in lyso- 
somes in neurons and other cell types. They have an 
autosomal recessive mode of inheritance. Nine types 
are presently distinguished: infantile NCL (INCL or 
Santavuori disease), late-infantile NCL (LINCL or 
Jansky-Bielschowsky disease), the Finnish variant of 
late-infantile NCL (FvLINCL), variant late -infantile 
NCL (vLINCL), Turkish variant of late-infantile NCL 
(TvLINCL), juvenile NCL (JNCL, Spielmeyer-Vogt 
disease or Batten disease), adult NCL (ANCL or Kufs 
disease), Northern epilepsy or progressive epilepsy 



with mental retardation (EPMR), and variant forms 
of late-infantile, juvenile, and adult NCL with granu- 
lar osmiophilic deposits (see Table 15.1). The classifi- 
cation of NCL is based on the age at onset, clinical 
course of the disease, ultrastructural findings and, 
most of all, genetic defect. 

INCL is the earliest and most severe form of NCL. 
The disease occurs most frequently in Finland, the 
incidence there being 7:100,000. Early psychomotor 
development is normal until the age of 6-18 months. 
Many children manage to stand up and to speak sin- 
gle words, but few learn to walk alone. Then rapid 
psychomotor deterioration sets in. Head growth 
slows down. The children develop muscular hypoto- 
nia, microcephaly, ataxia, choreoathetosis, stereo- 
typed hand movements, myoclonic jerks, epilepsy, 
irritability, and visual failure. Most are restless and 



Table 1 5.1 . Classification of neuronal ceroid lipofuscinoses 










Disease 


Eponym 


Deposits 


Storage material 


Gene 
location 


Gene 
symbol 


Gene product 


Infantile form (INCL) 


Santavuori 


Granular 

osmiophilic 

deposits 


SAPs A and D 


1p32 


CLN1 


Palmitoyl protein 
thioesterase 1 


Variant late-infantile, 
juvenile, and adult 
forms with GROD 




Granular 

osmiophilic 

deposits 


SAPs A andD 


1p32 


CLN1 


Palmitoyl protein 
thioesterase 1 


Late-infantile form 
(LINCL) 


Jansky- 
Bielschowsky 


Curvilinear 
bodies 


Subunitcof 
ATP synthase 


11p15 


CLN2 


Tripeptidyl 
peptidase 1 


Juvenile form (JNCL) 


Spielmeyer- 
Vogt/Batten 


Fingerprint bodies 
and rectilinear 
profiles 


Subunitcof 
ATP synthase 
dolichols,SAPs, 
amyloid-p peptide 


16p12 


CLN3 


Membrane protein 
of unknown 
function 


Adult form (ANCL) 


Kufs 


Curvilinear bodies, 
fingerprint bodies, 
rectilinear profiles 


Subunitc 

of ATP synthase, 

SAPs, 

amyloid-p peptide 


? 


CLN4 


? 


Finnish variant 
late-infantile (FvLINCL) 




Curvilinear bodies, 
fingerprint bodies, 
rectilinear profiles 


Subunitcof 
ATP synthase, 
some SAPs A 
andD 


13q22 


CLN5 


Soluble protein 
of unknown 
function 


Variant late-infantile 




Curvilinear bodies, 
fingerprint bodies, 
rectilinear profiles 


Subunitcof 
ATP synthase 


15q21-23 


CLN6 


Membrane protein 
of unknown 
function 


Turkish variant 
late-infantile (TvLINCL) 
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sleep poorly. The stereotypical hand movements re- 
semble those observed in Rett syndrome. Visual fail- 
ure becomes apparent at between 12 and 20 months. 
Most patients are blind before the age of 2. Slow or ab- 
sent pupillary responses, optic atrophy, and macular 
and retinal degeneration without pigment aggrega- 
tions can be found on ophthalmological examination. 
Partial and generalized seizures and, occasionally, a 
Lennox-Gastaut-like epileptic syndrome are seen. 
Between 24 and 36 months most children have be- 
come bedridden. They are grossly mentally retarded 
and do not perform voluntary movements. Opistho- 
tonus, decorticate posturing, and hyperexcitability to 
any kind of stimulation increasing the myoclonic 
jerks are characteristically present. Flexion contrac- 
tures are common. After a number of years the hyper- 
excitability ceases. The final vegetative state is domi- 
nated by extensor posturing, unresponsiveness, 
blindness, gross microcephaly, stimulus- sensitive 
myoclonus, and seizures. Death ensues before the age 
of 15, usually between 8 and 1 1 years. 

LINCL has its onset between 2 and 4 years of age. 
Usually epilepsy is the first symptom. Often several 
types of seizures occur, including generalized 
tonic-clonic seizures, myoclonic jerks, absences, and 
drop attacks. As disease progresses, myoclonia be- 
comes the most predominant type. Onset of epilepsy 
is soon followed by mental and motor deterioration. 
Ataxia, especially truncal ataxia, hypotonia, and 
dysarthria, occur. Speech diminishes and disappears 
within a year. Typically, visual failure appears after the 
neurological symptoms and progression is slow. 
Blindness usually occurs at the age of 6 years. Fundus- 
copic examination may initially be normal, but with- 
in 2 years after onset macular degeneration and reti- 
nal pigmentation are seen. Progression of disease is 
otherwise rapid with precipitous regression of mental 
and motor faculties. The initial hypotonia gives way 
to spasticity, painful flexor spasms, and severe flexion 
contractures. Excessive drooling and difficulty with 
swallowing occur. The final stage of the disease is one 
of unresponsiveness, myoclonic hyperexcitability, 
and blindness. Death occurs between 10 and 15 years. 

The most important clinical difference between 
classic LINCL and FvLINCL is the later onset of clini- 
cal symptomatology in FvLINCL, usually between 4.5 
and 7 years. The first symptoms are mental deteriora- 
tion, clumsiness, and visual failure. Other symptoms, 
including epilepsy, ataxia and myoclonia, develop 
between the age of 7 and 10 years. 

Incidence and prevalence figures for vLINCL, 
caused by CLN6 mutations, are not known. Visual loss 
and seizures may occur initially, but in some children 
with the onset of the disease after 4 years, symptoms 
may start with epilepsy, ataxia, and myoclonus. Devel- 
opmental regression occurs. 



TvLINCL has its onset between 1 and 7 years of age. 
The disease is predominantly found within the Turk- 
ish population. Seizures and motor problems are ear- 
ly features. Visual impairment has a variable age of 
onset and is the leading symptom in some patients. 
Subsequently, motor and cognitive deterioration 
occurs. 

JNCL is the most common type of NCL in the 
world, with the highest incidence in North European 
countries (0.5:100,000), in particular in Finland 
(5:100,000). The first clinical symptom is visual fail- 
ure starting at the age of 4-8 years. Subsequently, 
mental slowing, epilepsy, and motor disturbances 
occur. The disease progresses at a slow pace. Long pe- 
riods of ostensible arrest, sometimes even improve- 
ment, are common. Ophthalmological examination 
reveals macular degeneration and pigmentary retinal 
degeneration. Blindness is present by the age of 6-14 
years. Seizures increase in frequency and severity and 
are usually of a generalized and complex partial 
nature. Mental deterioration with a widening gap be- 
tween JNCL patients and classmates become obvious 
after the age of 12 years. Patients are unable to follow 
a regular school program and begin to lose acquired 
cognitive skills. A speech impediment becomes no- 
ticeable, in that the tone is monotonous. Patients also 
demonstrate echolalia and perseveration. Motor skills 
are lost. Rigidity, hypokinesia, and dystonia are fre- 
quently observed and movements are slow. Intention 
tremor, tremor at rest, and myoclonias are often not- 
ed. Spasticity does not set in until a late stage and is 
never severe. Many teenagers become depressed. 
Some manifest restlessness, rage, physical violence, 
insomnia, and visual and auditory hallucinations 
with paranoid delusions. Chewing and swallowing 
become more difficult, eventually necessitating nasal 
tube feeding. Myoclonia may become severe. Life 
expectancy is 18-25 years. Some patients have a so- 
called delayed-classic JNCL variant, which progresses 
less rapidly and leads to death after the age of 25. In 
addition, there are patients with so-called protracted 
JNCL. In these patients the first symptom, progressive 
visual loss, occurs at the same time as in classic JNCL, 
but mental and motor symptoms become manifest 
later, usually in the third or fourth decade of life. 
These patients have a different mutation in CLN3 y 
with milder clinical phenotypes. 

ANCL usually starts around the age of 25-30 years. 
Two main clinical subtypes are usually distinguished, 
although there is considerable overlap. Clinical phe- 
notype A is characterized by behavioral changes, 
dementia, progressive myoclonus epilepsy, cerebellar 
ataxia, and dysarthria. Vision is normal and there are 
no signs of optic atrophy, macular degeneration, or 
pigmentary retinal degeneration. In the course of the 
disease seizures become intractable. Signs of involve- 
ment of the pyramidal, extrapyramidal and lower 
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motor neuron systems are absent or seen only termi- 
nally. Clinical phenotype B is characterized by behav- 
ioral changes, dementia, and motor abnormalities. 
Cerebellar or extrapyramidal features are prominent, 
the latter most frequently taking the form of a hyper- 
kinetic movement disorder, rarely parkinsonism. 
Tic-like facial dyskinesias may be present. Pyramidal 
signs are rarely prominent. Visual failure and retinal 
abnormalities are not present. Seizures are rare and 
may only occur late in the course of the disease. In 
both phenotypes death usually occurs about 12 years 
after the onset of the disease, ranging from a few years 
to over four decades. 

Northern epilepsy, also called progressive epilepsy 
with mental retardation (EPMR), is an autosomal 
recessive disease with onset between 5 and 10 years of 
age with generalized tonic-clonic seizures. In a mi- 
nority of the patients complex partial seizures also 
occur during the first few years. The seizures increase 
in frequency, reaching a maximum at puberty. After 
puberty, the frequency of the seizures declines in a 
manner unrelated to changes in medication. After 35 
years of age, many patients are almost seizure-free. 
Mental development is initially normal, but begins to 
deteriorate 2-5 years after the onset of the epilepsy. 
Deterioration continues during adulthood despite 
good epilepsy control. 

Findings of repeated neurophysiological examina- 
tions are important in establishing the diagnosis. In 
INCL, EEG shows characteristic disappearance of 
sleep spindles from the age of 1.3 years onwards; sleep 
spindles are absent by 2.0 years at the latest. When the 
patient is 1.5-2 years old, the EEG slows and begins to 
attenuate, becoming isoelectric at the age of 3-4 
years. There is no abnormal photic response. ERG ab- 
normalities, especially a marked loss in amplitude, 
are early findings and may precede impairment of 
vision. ERG is usually negative at 12 months of age. 
VEP is markedly reduced in amplitude and becomes 
negative. It has been demonstrated that the SSEP be- 
comes negative at an early stage, even before the ERG 
and VEP become negative. In LINCL, EEG already 
shows typical large polyspikes to a low rate of photic 
stimulation or single flashes at an early stage of the 
disease. ERG is negative by the age of 3-4 years. 
Other very typical findings are giant VEPs and SSEPs. 
In FvLINCL, the latency between onset of the first 
clinical symptoms of the disease and the appearance 
of the typical neurophysiological signs, including the 
negative ERG, the giant VEPs and SSEPs, and the EEG 
with spikes to a low rate of photic stimulation, is 
longer than in LINCL. These characteristic abnormal- 
ities appear several years after the onset of clinical 
symptoms, which is different from classic LINCL. In 
vLINCL the results of neurophysiological studies re- 
semble those of classic LINCL. In JNCL, EEG findings 
are progressively abnormal, but not specific. There is 



no abnormal photic response. ERG becomes absent 
by the age of 5-7 years. The amplitudes of the VEP 
and SSEP are reduced. In ANCL, the resting EEG is 
abnormal, but nonspecifically so. An intense photo- 
paroxysmal response and an unusual sensitivity to 
low- frequency photic stimulation is of more diagnos- 
tic significance. ERG and VEP are normal. Giant 
short-latency SSEPs can be observed. They are com- 
mon to many forms of progressive myoclonus epilep- 
sy, and are of limited value in the differential diagno- 
sis. In EPMR, EEG shows progressive slowing of the 
background activity, impaired reactivity to eye open- 
ing, and a disappearance of specific sleep patterns. In 
the fully developed disease, there is hardly any differ- 
ence between waking and sleep recordings. The inter- 
ictal epileptic activity is relatively scanty. 

Ultrastructural findings are also important in the 
diagnosis of NCL. Skin, rectum, skeletal muscle, and 
conjunctiva biopsy are mostly used for this purpose. 
Peripheral lymphocytes can also be examined, in par- 
ticular in JNCL. In this disorder peripheral lympho- 
cytes can already be shown to contain vacuoles by 
means of light microscopy. Vacuolated lymphocytes 
on light microscopy are not a feature of the other NCL 
forms. Electron microscopic examination of lympho- 
cytes can be very useful in the diagnosis and subclas- 
sification of NCL variants. A granular matrix indi- 
cates INCL; curvilinear profiles indicate LINCL; fin- 
gerprint profiles indicate JNCL. The biopsied tissues 
examined by electron microscopy show characteris- 
tic, membrane-bound deposits in vascular endotheli- 
um, sweat gland epithelium, smooth muscle cells, 
neurons, and in lymphocytes. In INCL, granular 
osmiophilic deposits are the predominant type of in- 
clusions. In LINCL, FvLINCL, vLINCL, and TvLINCL 
curvilinear and fingerprint bodies and rectilinear 
profiles are seen. In JNCL, fingerprint bodies are most 
numerous. In EPMR rectilinear profiles are found. In 
ANCL either granular osmiophilic deposits or finger- 
print and curvilinear structures are seen. In ANCL, a 
brain biopsy containing full-thickness cortex may be 
necessary to demonstrate the disease. 

For INCL and LINCL and their variants, definite 
diagnosis is established by the demonstration of defi- 
cient activity of palmitoyl protein thioesterase 1 and 
tripeptidyl peptidase, respectively. Enzyme assays are 
relatively simple and rapid and should therefore be 
applied liberally in NCL patients to detect possible 
INCL and LINCL variants. DNA confirmation is an 
option in CLN1, CLN2 y CLN3, CLN5, CLN6, and CLN8. 
Prenatal diagnosis is possible using enzyme or 
molecular studies, with the exception of ANCL and 
TvLINCL. Prenatal diagnosis using electron mi- 
croscopy of chorionic villus specimens and amniotic 
fluid cells, searching for the characteristic inclusions 
in affected fetuses, is an option in these cases but 
requires special expertise. 
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15.2 Pathology 

The hallmarks of neuropathological findings in NCL 
consist of neuronal lipofuscin storage and neuronal 
loss. The storage leads to displacement of the nuclei 
and distention of the proximal axon segment, but 
usually not to ballooning of the cells. On light mi- 
croscopy the storage material is pale yellow with 
hematoxylin-eosin stains, slightly pigmented and 
granular. It is strongly PAS -positive, and stains with 
Sudan dyes and with many other stains for lipofuscin. 
Examination with ultraviolet light reveals bright yel- 
low autofluorescence. The deposits are readily shown 
by an acid phosphatase reaction, indicative of their 
lysosomal location. The ultrastructural appearance of 
the storage material varies depending on the form of 
NCL. 

In INCL atrophy of the brain is exceedingly severe, 
affecting cerebral hemispheres and cerebellum. The 
brain stem and spinal cord are relatively spared. 
Microscopic findings change with age. Up to the age 
of about 2.5 years, neuronal storage is observed with 
slight to moderate cortical neuronal loss, intense fib- 
rillary astrocytosis, and presence of macrophages. 
The white matter shows mild changes. From about 2.5 
to 4 years of age, neurons become grossly depleted. 
There is massive cortical macrophagocytosis and 
astrocytosis. The white matter shows moderate to 
severe loss of myelin and significant astrogliosis. The 
astrocytes are hypertrophic and contain storage ma- 
terial similar to that of nerve cells. Above the age of 
about 4 years, the atrophic cortex is entirely depleted 
of nerve cells and consists of a spongy network of 
fibrillary astrocytes and capillaries with some macro- 
phages. The white matter shows complete loss of 
myelin and axons, also in the subcortical U fibers, and 
severe fibrillary astrogliosis. Only a very few myeli- 
nated nerve fibers are still present. At this stage the 
cerebellar cortex also shows complete atrophy. Most 
subcortical nuclei show florid neuronal storage, loss 
of neurons, macrophagocytosis, and astrocytosis, 
although the primary motor and sensory nuclei of 
brain stem and spinal cord are remarkably resistant. 
The stored material in INCL has a similar ultrastruc- 
tural appearance wherever it is found. The substance 
is osmiophilic and consists of globules with a granu- 
lar matrix, present either singly or as aggregates of 
globules. The single globules and the aggregates are 
stored in larger vesicles surrounded by a unit mem- 
brane of lysosomal origin. The deposits have been 
designated granular osmiophilic deposits (GROD) 
and can be found in neurons, ependymal cells, 
choroid plexus epithelium, astrocytes, macrophages, 
Schwann cells, smooth muscle cells, renal glomerular 
endothelium, renal distal tubular epithelium, Kupffer 
cells, vascular endothelium, germinal epithelium of 
the testis, sweat gland epithelium, thyroid follicle 



cells, cells of the exocrine and endocrine pancreas, 
fibroblasts, and about 10% of lymphocytes. 

In LINCL, neuropathological changes are less 
severe. The external atrophy is variable and some- 
times more pronounced in the cerebellum than in the 
cerebral hemispheres. Neuronal storage, neuronal 
loss, and mild to moderate cortical astrocytosis are 
found, but neurons remain present, even in older pa- 
tients. There is also neuronal storage and neuronal 
loss in the basal ganglia, thalamus, and substantia 
nigra, but neurons in the hypothalamus, brain stem 
nuclei other than the substantia nigra, and spinal 
cord are relatively preserved. There may be some loss 
of myelin in the white matter, but this is not marked. 
The white matter fibrillary gliosis may be more im- 
pressive than the myelin loss. In electron microscopy 
the stored material mostly has the appearance of 
curvilinear profiles, but may also take the form of 
fingerprint profiles. Curvilinear profiles consist of 
thin stacks of short, curved lamellae forming little 
arcs or semicircles. Accumulations of these are mem- 
brane-bound. These curvilinear bodies are also wide- 
spread outside the nervous system, similar to what is 
seen in INCL. Although no vacuoles containing lym- 
phocytes are seen on light microscopy, curvilinear 
bodies may be shown in lymphocytes on electron 
microscopy. 

The most important pathological difference be- 
tween classic LINCL and FvLINCL is the presence of 
not only curvilinear bodies but also fingerprints 
and rectilinear profiles at electron microscopy in 
FvLINCL. Fingerprint profiles are formed by groups 
of parallel, paired lines, each pair of lines separated by 
a lucent space. The lines tend to be equidistant, 
straight or curved. Groups of lines form whorl-like 
patterns of fingerprints. Rectilinear profiles represent 
short, oligolamellar stacks with a prevailing straight 
course. They differ from curvilinear profiles in shape, 
width, and distinctness of the internal lines. In 
vLINCL, the neuronal and visceral storage is similar 
in distribution to that in classic LINCL and consists of 
a mixture of rectilinear, curvilinear, and fingerprint 
profiles. 

Diffuse cerebral and cerebellar atrophy is also seen 
in JNCL, the degree being proportional to the dura- 
tion of the disease. The cortical neurons show signs of 
storage and degeneration. Astrogliosis is usually 
mild. The white matter shows little evidence of myelin 
loss. In electron microscopy of stored material, the 
fingerprint pattern predominates, but may be ad- 
mixed with curvilinear and rectilinear profiles. The 
deposits are membrane-bound. In JNCL, too, the stor- 
age bodies are widespread in other tissues than the 
nervous system. A small proportion of the lympho- 
cytic vacuoles seen on light microscopy are shown on 
electron microscopy to contain fragments of finger- 
print profiles. 
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In ANCL, variable cerebral atrophy is found. Neu- 
ronal storage and neuronal loss is found in the cere- 
bral cortex (sometimes confined to layers III and V), 
the cerebellar cortex, and central nuclei. On electron 
microscopy fingerprint profiles, curvilinear bodies, 
or granular osmiophilic deposits are found. These 
storage bodies can also be found in several nonneur- 
al tissues. 

In EPMR, most neurons have intracytoplasmic 
accumulations of autofluorescent storage material. In 
electron microscopy, the storage material is mem- 
brane-bound and consists of rectilinear profiles. 

All infantile and childhood forms of NCL have a 
severe, progressive retinopathy. Ganglion cells show 
signs of lipofuscin pigment storage, similar to neu- 
rons in the brain. The same pigment is present in the 
cells of the bipolar layer. Most conspicuous is the de- 
generation and loss of photoreceptor cells, spreading 
from the macula outwards. Severe atrophy of all reti- 
nal layers develops, with narrowing of small retinal 
vessels and displacement of melanin-containing pig- 
mented cells into the atrophic retina through the ex- 
ternal limiting membrane. These displaced melanin- 
containing cells may also harbor NCL-type-specific 
lipopigments. On electron microscopy the storage 
material has the appearance specific for the form of 
NCL. 



15.3 Chemical Pathology 

Analysis of brain biopsy tissue from INCL cases 
shows lipid disturbance in the cerebral cortex, but a 
more severe reduction in myelin lipids in the cerebral 
white matter. At autopsy, when the end stage of the 
disease is reached, the cerebral and cerebellar tissues 
are extremely lipid-poor. The concentrations of cho- 
lesterol and phospholipids in cerebral gray matter are 
reduced to about 40% of those in age-matched con- 
trols. In cerebral white matter the lipid changes are 
even more pronounced. The concentration of choles- 
terol is reduced to about 10 % of the control value, that 
of phospholipids to about 20%, and the concentra- 
tions of cerebrosides and sulfatides to values of often 
less than 1 %. These results demonstrate an extreme 
reduction of myelin lipids, and in the terminal stage 
of INCL all attempts to isolate myelin from cerebral 
hemispheres and cerebellum fail. The ganglioside 
concentration and pattern of individual gangliosides 
are the same in gray and white cerebral matter, which 
means a more severe reduction in gangliosides for 
gray matter (to about 15% of control value) than for 
white matter (to about 40% of control value). Lipid 
changes are much less pronounced in brain stem and 
spinal cord. The other forms of NCL show only minor 
lipid alterations. 



Protein is the major component of intralysosomal 
storage material, which accumulates in all forms of 
NCL. Over 40-60 % of the dry weight of isolated stor- 
age material is protein. In INCL the saposins A and B 
constitute a major proportion of the accumulated 
protein. In LINCL, variants of LINCL, JNCL, and 
ANCL, subunit c of the mitochondrial ATP synthetase 
constitutes a considerable proportion (up to 85 % in 
LINCL, about 20% in JNCL) of the accumulated pro- 
tein. The protein molecules are intact and there is no 
evidence of any abnormality in amino acid se- 
quences. Dolichols, which are unesterified alcohols, 
represent up to 2% of the dry weight of storage bod- 
ies. The dolichols are largely in the form of dolichyl 
pyrophosphoryl oligosaccharides. 



15.4 Pathogenetic Considerations 

NCL represents a group of unrelated disorders which 
share a number of clinical, biochemical, and histo- 
pathological characteristics. Although NCL variants 
are lysosomal storage disorders, they differ from the 
classic lysosomal storage diseases. The accumulated 
material consists mainly of proteins and not of lipids, 
making NCL a proteinosis rather than lipidosis. 

The term "lipopigment" is a general one given to 
yellow-brown pigments that stain with lipid stains 
and fluoresce under ultraviolet light. The prototype 
pigment is lipofuscin (age pigment), ubiquitously 
present in cells of aged individuals. The term "ceroid" 
has been used to describe any abnormal lipopigment, 
including the lipopigment of NCL. The nature of the 
fluorophores in the NCL-specific ceroid has been 
studied but is still not clear. 

At present there is evidence for at least eight genes 
that are related to NCL. Currently, six of them have 
been identified and characterized: CLN1, CLN2, 
CLN3, CLN5, CLN6, and CLN8. Two of these genes, 
CLN1 and CLN2, encode lysosomal enzymes, palmi- 
toyl protein thioesterase 1 and tripeptidyl peptidase 
1, respectively. CLN3, CLN6, and CLN8 encode pro- 
teins of predicted transmembrane topology, but their 
function is as yet unknown. CLN5 is probably a solu- 
ble lysosomal protein. The genes associated with 
TvLINCL and ANCL are at present unknown. It is im- 
portant to realize that one clinical type of NCL is not 
automatically equivalent to one genetic type. Some 
adult NLC patients have been shown to have a defect 
in CLNL It cannot be assumed that all remaining 
ANCL patients have a defect in CLN4; there may be 
more than one related gene. Likewise, Turkish pa- 
tients with a late-infantile onset of disease, who have 
the other NCL genes excluded, do not necessarily 
share a defect in the same gene (CLN7); again there 
may be more than one related gene. 
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Palmitoyl protein thioesterase 1 (PPT1) is a lysoso- 
mal enzyme that cleaves fatty acyl moieties (usually 
palmitate) from cysteine residues of proteins. Palmi- 
toylation and depalmitoylation is a reversible and dy- 
namic process, which may regulate the function of 
numerous proteins of the CNS that are implicated in 
important processes such as neuronal transmission, 
signaling pathways, and protein transport. Potential 
impairment of these processes by nonfunctional 
PPT1 could induce a deleterious effect on the func- 
tioning of neurons and neuronal death. PPT1 has 
been shown to depalmitate several neurospecific pep- 
tides in vitro, supporting a specific role of PPT 1 in the 
CNS. PPT1 may also have a role in the protection of 
neurons against apoptosis. Recent evidence indicates 
that in neurons PPT1 is localized in synaptosomes 
and synaptic vesicles. The precise mechanisms lead- 
ing to lysosomal storage of mainly saposins (sphin- 
golipid activator proteins, SAPs) A and D remain elu- 
sive. SAPs A, B, C, and D are small glycoproteins 
derived from a precursor protein, prosaposin. SAPs 
are lysosomal proteins that facilitate the actions of 
several lysosomal hydrolases engaged in the degrada- 
tion of sphingolipids. There is no evidence that SAPs 
are palmitoylated and could serve as substrates for 
PPT 1 . Accumulation of SAPs is not restricted to INCL. 
SAPs are also found in variable amounts among 
subunit c of ATP synthase in other NCL variants and 
they are found in GMx gangliosidosis, GM 2 gangliosi- 
dosis, type A Niemann-Pick disease, metachromatic 
leukodystrophy, and globoid cell leukodystrophy. The 
highest levels of SAPs are found in lysosomal storage 
disorders in which the stored lipids bind to SAPs. 
Although the lysosomal accumulation of SAPs may 
represent an epiphenomenon of no or minor signifi- 
cance, it is possible that the dysregulation of SAP me- 
tabolism plays a role in the pathogenesis of INCL. The 
severe paucity of myelin in INCL is striking and not 
shared by the other NCL variants. The myelin defi- 
ciency is more severe than can be explained by the 
neuronal loss. There is probably a component of 
hypomyelination. Early onset neuronal/axonal dys- 
function may interfere with the complex interaction 
of oligodendrocytes, neurons/axons, and astrocytes 
that is necessary for myelin to be produced and de- 
posited. A similarly severe myelin deficiency is seen 
in other neuronal storage disorders with infantile 
onset, including infantile-onset GMi and GM 2 gan- 
gliosidoses. 

Tripeptidyl peptidase 1 (TPP1), also called pep- 
statin-insensitive proteinase, is a lysosomal enzyme 
with aminopeptidase activity, removing tripeptides 
from the N-terminus of proteins. Efficient protein 
degradation in lysosomes depends on concerted ac- 
tion of endopeptidases and exopeptidases, which pro- 
vide dipeptides and free amino acids to be exported 
to the cytoplasm and further used according to the 



metabolic needs of the cell. TPP1 could provide 
tripeptides for subsequent action of dipeptidyl pepti- 
dases and dipeptidases. The specificity and substrate 
range of TPP1 is still under investigation. TPP1 has 
been shown to degrade small peptides with an ex- 
tended N-terminal domain. TPP1 appears to be in- 
volved in the initial lysosomal degradation of subunit 
c of ATP synthase, a very hydrophobic protein that 
accumulates in LINCL. The decreased TPP1 activity 
may be directly responsible for the accumulation of 
subunit c of mitochondrial ATP synthase and un- 
digested small peptides. Whether and how subunit c 
accumulation is associated with progressive neuronal 
degeneration and death remains unknown. Storage of 
lesser amounts of subunit c is observed in other 
forms of NCL, mucopolysaccharidosis types I, II, and 
III, mucolipidosis type I, GMx and GM 2 gangliosi- 
doses, and Niemann-Pick disease types A and C; the 
cause of this is unknown. So, the significance of the 
accumulation of subunit c in the pathophysiology of 
NCL is unclear. 

CLN3, the gene for JNCL, encodes a putative inte- 
gral membrane protein. The subcellular localization 
of the protein remains a subject of controversy. Avail- 
able evidence indicates that CLN3 protein is traf- 
ficked through the endoplasmic reticulum and Golgi 
to the lysosome, where it is localized in the lysosomal 
membrane. It may also be present at the plasma 
membrane. Subunit c of mitochondrial ATP synthase 
constitutes part of the protein content of the storage 
material. Other identified constituents of the stored 
material include phosphorylated dolichols, small 
amounts of SAPs, amyloid- p peptide, and mannose- 
6-phosphate glycoproteins. Newly synthesized lyso- 
somal enzymes are post-translationally modified by 
the carbohydrate residue mannose 6-phosphate. This 
residue serves as a recognition signal for mannose 
6-phosphate receptors of proteins that are destined 
for lysosomes, where the recognition signal is re- 
moved. In JNCL the levels of mannose 6-phosphate 
glycoproteins are significantly elevated. 

CLN5, the gene for FvLINCL, encodes a protein 
which was formerly predicted to be a membrane pro- 
tein, but more recent evidence suggests it is a soluble 
lysosomal protein. There is evidence for interactions 
of the CLN5 protein with the CLN2 and CLN3 pro- 
teins. In contrast, there is no evidence for interaction 
between the CLN1 protein and the CLN2, CLN3, and 
CLN5 proteins. This is in line with the fact that the 
storage material in INCL is different from the materi- 
al in other NCL variants. The lysosomal storage mate- 
rial consists mainly of subunit c of mitochondrial 
ATP synthase and small amounts of SAPs A and D. 

CLN6, associated with vLINCL, codes for a trans- 
membrane protein localized to the endoplasmic 
reticulum. Its function is unknown, but there is evi- 
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dence that defects in the protein lead to lysosomal 
dysfunction. 

CLN8, associated with Northern epilepsy, also 
encodes a putative membrane protein. The CLN8 pro- 
tein is nonlysosomal. Most CLN8 protein is localized 
in the endoplasmic reticulum with a proportion in 
the endoplasmic reticulum-Golgi intermediate com- 
partment. It is involved in the early secretory path- 
way. It is proposed that the CLN8 protein may play a 
role in the transport of proteins across the endoplas- 
mic reticulum membrane. The storage material con- 
tains subunit c of mitochondrial ATP synthase, SAPs, 
and amyloid- p peptide. 

Many different mutations have been identified in 
the NCL-associated genes. The age at onset of the dis- 
ease is no longer the most important criterion for the 
sub classification of patients. Mutations in CLN1 have 
been found to be associated with infantile, late-infan- 
tile, juvenile, and, rarely, also adult onset of the dis- 
ease. Mutations in CLN2 may give rise to late-infantile 
but also to juvenile disease onset. Late-infantile onset 
of the disease has been found in mutations of CLN1, 
CLN2, CLN5, and CLN6, and will be for CLN7. There 
is evidence for a genotype-phenotype correlation. 
Mutations that abolish all function of the encoded 
protein may lead to a more severe phenotype than 
mutations with some residual function of the protein. 
Mutations leading to intracellular misrouting of the 
encoded protein may be associated with a more 
severe phenotype. 



15.5 Therapy 

Treatment continues to be supportive only. Anticon- 
vulsants are important and need to be tailored to the 
patient, seizure type, and side effects. Tegretol and 
lamotrigine may be helpful in the setting of behav- 
ioral disturbances. In the management of INCL, irri- 
tability, sleeping disorders, choreoathetosis, and late 
pains have responded best to baclofen, tizanidine, 
levomepromazine, and benzodiazepines. Only a few 
children with LINCL show significant irritability and 
sleeping disturbances. Behavioral problems, depres- 
sion, and psychosis are often present in JNCL. Mean- 
ingful hobbies and individual, not too demanding 
teaching are of basic importance in the management 
of these problems. Medication is necessary periodi- 
cally. Valproate and benzodiazepines can be of help in 
coping with the sleeping problems. Severe behavioral 
problems and psychotic symptoms can be treated 
with haloperidol, levomepromazine, and benzodi- 
azepines. In the bedridden stage, motor restlessness 
or panic attacks can be alleviated with baclofen and 
tizanidine. Antiepileptics, neuroleptics, antidepres- 
sants, and anxiolytics have been used to try to sup- 
press involuntary movements, but with no clear ef- 



fect. Nasogastric tube or, preferably, gastrostomy tube 
feeding is important in the later stages of the disease 
and has prolonged and improved the quality of life. 

Hematopoietic stem cell transplantation has been 
unsuccessful in halting the progression of the disease. 



15.6 Magnetic Resonance Imaging 

In INCL, CT scan of the brain shows severe atrophy, 
more severe in the cerebral hemispheres than in the 
cerebellum. Some atrophy of the brain stem can also 
be seen. The ventricles and subarachnoid spaces are 
enlarged. The entire white matter is hypodense and 
reduced in volume. The cortex is abnormally thin, 
whereas the volume of the basal ganglia is not re- 
duced, except in the oldest patients. The calvarial 
bone is thickened in patients over 2 years of age. MRI 
is already abnormal in an early stage of disease in 
INCL, before the appearance of clinical symptoms. 
With increasing age there is increasing atrophy. The 
white matter has a high signal intensity on T 2 -weight- 
ed images in all stages of the disease (Fig. 15.1), but 
more seriously in the later stages (Fig. 15.2). The sig- 
nal intensity is highest in the periventricular area. 
The corpus callosum and internal capsule are myeli- 
nated normally. With increasing age the loss in white 
matter volume becomes extreme (Fig. 15.2). The ap- 
pearance of the white matter abnormalities suggests 
a combination of seriously delayed and disturbed 
myelination, increasingly severe gliosis, and some 
myelin loss. In the end only a thin cerebral mantle is 
left with highly abnormal signal intensity of the white 
matter throughout, compatible with complete ab- 
sence of myelin and severe gliosis (Fig. 15.2). The cor- 
tex becomes increasingly thin. The basal ganglia and, 
in particular, the thalamus have a low signal intensity 
on T 2 -weighted images from early on (Figs. 15.1 and 
15.2). The pattern of a strikingly low signal of the 
thalamus within cerebral white matter with a high 
signal intensity is quite characteristic of INCL. Initial- 
ly, the volume of the thalamus and basal ganglia is 
relatively normal, but subsequently the central nuclei 
also become severely atrophic. 

In the NCL variants of later onset, CT shows pro- 
gressive atrophy involving cerebral hemispheres and 
cerebellum. The atrophy involves both gray and white 
matter (Figs. 15.3 and 15.4). In LINCL cerebellar 
atrophy is more severe than cerebral atrophy. MRI in 
LINCL, FvINCL, vLINCL, and TvLINCL shows a rim of 
mildly increased signal intensity around the lateral 
ventricles and in the posterior limb of the internal 
capsule (Fig. 15.3). Additionally, a decrease in signal 
intensity is seen in the thalami and, to a lesser degree, 
sometimes the basal ganglia on T 2 -weighted images. 
In JNCL abnormalities appear later and initial MRI 
may be normal. Apart from progressive atrophy, most 
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Fig. 1 5.1 . MRI in a 21 -month-old girl with INCL shows cerebral 
atrophy with enlarged ventricles and subarachnoid spaces. 
The white matter has a higher signal intensity than gray 
matter in most areas, consistent with disturbed and delayed 



myelination.The corpus callosum has a low signal intensity, 
consistent with a higher myelin content. The thalami have a 
low signal intensity 



severe in the cerebellum, the rim of mildly increased 
signal intensity in the periventricular white matter 
and posterior limb of the internal capsule may also be 
seen in JNCL. In ANCL, CT and MRI show atrophy. 
White matter abnormalities have not been reported. 
In early EPMR MRI is normal, but it shows atrophy in 
later stages of the disease. 



Fig. 1 5.3. MRI in a 4-year-old Turkish boy with TvLINCL reveals 
a rim of slightly increased signal intensity around the lateral 
ventricles.The cerebellum is slightly atrophic 
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Fig. 1 5.2. A 6-year-old child with 
INCL Note the severe generalized 
atrophy, and the low signal intensity of 
the thalami and basal ganglia on these 
mildly T 2 -weighted images. 
The white matter has a high signal 
intensity throughout, consistent with 
absence of myelin and presence of 
gliosis. Courtesy of Drs. P. Santavuori 
and S.L. Vanhanen, Helsinki, Finland 





146 Chapter 15 Neuronal Ceroid Lipofuscinoses 




Fig. 1 5.4. MRI in the same boy with TvLINCL, now 8 years old. 
Note the serious generalized atrophy involving cerebral hemi- 
spheres, basal ganglia, and cerebellum. The cerebral white 



matter has a slightly elevated signal intensity, as seen in neu- 
ronal degenerative disorders 



Chapter 16 

Adult Polyglucosan Body Disease 



16.1 Clinical Features 

and Laboratory Investigations 

Adult polyglucosan body disease (APBD) is a rare 
autosomal recessive neurological disorder with an 
onset in the fifth to seventh decade of life. The clinical 
features consist of pyramidal tract signs, peripheral 
neuropathy with motor deficits, and usually pro- 
nounced distal sensory loss predominantly involving 
the lower limbs, hyper- or hypoactive reflexes, and 
urinary incontinence due to a neurogenic bladder. 
Most patients develop dementia, especially in the lat- 
er stages of the disease. Cerebellar ataxia, extrapyra- 
midal movement abnormalities, and seizures may 
occur. Some patients have predominantly signs of up- 
per and lower motor dysfunction, prominent wasting 
of muscles, and fasciculations, suggesting a diagnosis 
of amyotrophic lateral sclerosis. The clinical course is 
progressive. The interval between onset of symptoms 
and death ranges from 3 to 21 years. 

CSF protein levels are usually elevated. Neurophys- 
iological studies show signs of an axonal sensorimo- 
tor peripheral neuropathy with normal to moderate- 
ly slowed nerve conduction and signs of denervation 
in electromyography. SSEP studies show prolonged 
central conduction times. In the context of the above 
clinical symptoms, the demonstration of polyglu- 
cosan bodies in sural nerve biopsy or axillary skin 
biopsy confirms the diagnosis, especially if they are 
numerous. In some patients, especially patients of 
Ashkenazi Jewish ethnic background, deficiency of 
glycogen branching enzyme has been demonstrated 
in leukocytes and peripheral nerve biopsies. Howev- 
er, not all patients are deficient in this enzyme despite 
the otherwise indistinguishable clinical and histo- 
pathological findings. Prenatal diagnosis is possible 
in families in which deficiency of glycogen branching 
enzyme or the underlying genetic defect has been 
demonstrated. 



16.2 Pathology 

At autopsy mild external atrophy with prominence of 
sulci and widening of the lateral ventricles may be 
present. The spinal cord is atrophic. On sectioning, 
poorly demarcated areas of discoloration are seen 
within the white matter of the brain. 



On microscopy, the most striking finding is the 
presence of many polyglucosan bodies throughout 
the nervous system. Most of them appear spherical, 
but there are also elongated thread-like forms, espe- 
cially in the gray matter. They vary in size from 1 to 
25 um, even up to 50 um; the usual size is around 
10 um. The bodies are variably positive on staining 
with PAS, silver proteinate (Bodian, Bielschowsky), 
iodine stains, and alcian blue, but negative with Sudan 
black, luxol fast blue, and Congo red. With hema- 
toxylin-eosin they show varying degrees of basophil- 
ia. Those in the white matter are usually more strong- 
ly basophilic than those in the cortex. Their location 
is intra-axonal and within astrocytic processes. Elec- 
tron microscopy shows that polyglucosan bodies con- 
sist of non-membrane-bound, about 8-nm-wide 
branching filaments, associated to some extent with 
haphazardly distributed granular and amorphous, 
densely osmiophilic condensations. These are some- 
times clumped together into much larger dense gran- 
ular structures, which tend to aggregate in the center 
of the bodies to form round, target-like dense areas. 
Many of the polyglucosan bodies can be identified as 
being located within axons. The surrounding myelin 
sheaths are usually thinner than would be expected 
for the caliber of the axon. Polyglucosan bodies are 
not seen in neuronal cell bodies. 

Within the cerebral hemispheric white matter 
there are extensive, ill-defined areas of myelin pallor, 
which involve the cerebral and cerebellar white mat- 
ter bilaterally and symmetrically. Myelin loss is in- 
complete and more marked around the ventricles 
than in the subcortical white matter. In the affected 
areas, axons are relatively spared. In addition, small 
necrotic and even cystic lesions are frequently pre- 
sent in the subcortical white matter, globus pallidus, 
putamen, dentate nucleus, and the pons. 

Examination of the sural nerve reveals the pres- 
ence of numerous intra-axonal polyglucosan bodies 
in both unmyelinated and myelinated axons. The 
overlying myelin sheaths in myelinated axons are 
thin. The nerve may otherwise be normal or show 
moderate diffuse loss of both small and large myeli- 
nated axons. Onion bulbs may be found, suggesting 
demyelination and remyelination. 

Polyglucosan bodies may also be found in other 
organs, such as the heart, liver, kidneys, lungs, skele- 
tal, and smooth muscles. The presence of polyglu- 
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cosan bodies in myoepithelial cells of apocrine glands 
facilitates diagnosis by axillary skin biopsy. 



16.3 Chemical Pathology 

Polyglucosan bodies are composed principally of glu- 
cose polymers, with a small but variable component 
of phosphate and sulfate groups and less than 5% 
protein. 



16.4 Pathogenetic Considerations 

Type IV glycogen storage disease is a rare autoso- 
mal recessive disorder representing 0.3 % of all cases 
of glycogenosis of any type. The disease is caused by 
a deficiency of the glycogen branching enzyme. 
Glycogen branching enzyme is encoded by the gene 
GBE, which is located on chromosome 3pl4. There is 
evidence for the existence of different isoenzymes, 
probably generated by alternative splicing. The en- 
zyme is involved in glycogen synthesis. Deficiency 
leads to accumulation of polysaccharides, which are 
resistant to amylase digestion and have longer outer 
chains and shorter branch points than normal glyco- 
gen. 

Glycogen storage disease type IV is highly hetero- 
geneous as to clinical symptoms and age of onset. The 
latter varies between the early neonatal period 
through childhood to late adulthood. The classical 
type is characterized by early onset and rapidly pro- 
gressive hepatosplenomegaly, progressive cirrhosis 
with portal hypertension, ascites, esophageal varices, 
and death between 3 and 5 years due to liver failure, 
unless liver transplantation is performed. Nonpro- 
gressive hepatic variants have also been described. 
Patients with neuromuscular involvement have a my- 
opathy with or without cardiomyopathy, neuropathy, 
and liver cirrhosis. The age at onset varies from 
neonatal to adulthood. Neonatal variants presenting 
with pronounced hypotonia are extremely rare. They 
resemble patients with the Werdnig-Hoffmann type 
of spinal muscular atrophy. They may have addition- 
al cardiomyopathy or hepatosplenomegaly. Presenta- 
tion with hydrops fetalis is also very rare. APBD char- 
acterized by late onset and slowly progressive severe 
neurological symptoms can also be an expression of 
glycogen branching enzyme deficiency. 

The phenotypic variability and tissue specificity 
described above may be due to particular mutations 
resulting in selective tissue-based expression or defi- 
ciency of isoenzymes. This hypothesis does not, how- 
ever, explain the differences in phenotypic expression 
between patients with identical genotype. 



Glycogen branching enzyme activity can be either 
deficient or normal in patients with APBD. Most pa- 
tients of Ashkenazi Jewish ethnic background have a 
deficiency of this enzyme, but so do some patients of 
other ethnic background. It is likely that APBD is ge- 
netically heterogeneous and that the disease may 
have more than one biochemical etiology resulting in 
similar phenotypes. 

Polyglucosan bodies are composed principally of 
glucose polymers and occur in various conditions. 
The polyglucosan bodies of APBD greatly resemble 
and may be identical to corpora amylacea, which ac- 
cumulate in the CNS with normal aging, Lafora bod- 
ies present in Lafora body disease, and Bielschowsky 
bodies. Corpora amylacea are seen in a characteristic 
topography in the healthy nervous system with aging. 
They develop in astrocytic processes and are mainly 
distributed subpially, subependymally, and perivas- 
cularis although intra- axonal corpora amylacea may 
also occur. Lafora bodies are found in association 
with Lafora body disease, a progressive myoclonus 
epilepsy. Lafora bodies appear in neuronal perikarya 
and processes, especially in the cerebral cortex, thala- 
mus, globus pallidus, substantia nigra, and dentate 
nucleus. Bielschowsky bodies are found in the peri- 
karya and processes of neurons. They differ from 
Lafora bodies in their much more limited distribu- 
tion and pleiomorphic appearance. They are usually 
only found in the external segment of the globus pal- 
lidus. They may represent a variant of Lafora body 
disease. Besides these specific conditions, polyglu- 
cosan bodies may be seen as a nonspecific phenome- 
non within the CNS in olivopontocerebellar atrophy 
and amyotrophic lateral sclerosis, and in peripheral 
nerves in exceptional cases of diabetes mellitus, mo- 
tor neuropathy, familial spastic paraparesis, and spin- 
ocerebellar syndromes, as well as in normal aging. 

It is unclear how the polyglucosan bodies arise in 
APBD. They may represent systemic glycogen storage 
due to deficiency of glycogen branching enzyme or 
another enzyme related to glycogen metabolism. The 
relationship with the CNS structural damage and dys- 
function is unclear. It is conceivable that there is an 
underlying metabolic defect, which damages neurons 
by itself and as an independent side effect leads to the 
production of polyglucosan bodies. The growth of 
polyglucosan bodies within axons could also become 
deleterious for those axons, at the very least impeding 
or blocking axonal flow. 



1 6.5 Therapy 

There is at present no effective causal treatment for 
APBD. 
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16.6 Magnetic Resonance Imaging 

MRI in patients with APBD shows extensive, often ill- 
defined abnormalities within the cerebral and cere- 
bellar white matter (Figs. 16.1 and 16.2). The abnor- 
malities are most prominent in the periventricular 
region and tend to spare the U fibers and the corpus 



callosum (Fig. 16.1). The signal change is often most 
pronounced within the periventricular white matter, 
gradually becoming more normal in the deep white 
matter, and merging with normal white matter in the 
U fibers. In other patients, however, the white matter 
abnormalities are better demarcated (Figs. 16.1 and 
16.2). In later stages, the corpus callosum and U fibers 




Fig. 16.1. FLAIR images in a 52-year-old female patient with 
APBD. Polyglucosan bodies were found in the sural nerve 
biopsy. There are confluent periventricular white matter ab- 
normalities with relative sparing of the deep white matter and 



U-fibers, where only small foci of abnormal signal are seen. 
Note the cerebellar and brain stem involvement. Courtesy of 
Dr. B. Barcelos da Nobrega, Department of Radiology, School of 
Medicine, Federal University of Goias, Brazil 
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Fig. 1 6.2. FLAIR images in the 49-year-old sister of the patient 
in Fig. 1 6.1 . Her disease is radiologically more advanced. There 
are confluent signal abnormalities in the periventricular white 
matter with some additional focal spots. The U fibers are rela- 
tively preserved. The corpus callosum has become thin. The 



temporal white matter is prominently involved. Note the cere- 
bellar and brain stem involvement. Courtesy of Dr. B. Barcelos 
da Nobrega, Department of Radiology, School of Medicine, 
Federal University of Goias, Brazil 



become involved as well (Fig. 16.2). The cerebral 
white matter may be decreased in volume with 
widening of the lateral ventricles and subarachnoid 
spaces and thinning of the corpus callosum. The 
frontal lobe tends to be involved more seriously, with 



respect to both the white matter abnormalities and 
the atrophy. Within the brain stem signal abnormali- 
ties may be seen in the long tracts (Figs. 16.1 and 
16.2). The cerebellum, brain stem, and spinal cord 
may be atrophic. 



Chapter 17 

Peroxisomes and Peroxisomal Disorders 



R.J. A. Wanders 



17.1 Peroxisomal Biogenesis 

and Biochemical Functions 

Peroxisomes belong to the family of intracellular or- 
ganelles, are present in virtually all eukaryotic cells 
with the sole exception of erythrocytes, and contain a 
fine granular matrix surrounded by a single mem- 
brane. Identification of peroxisomes in cells is greatly 
helped by the fact that peroxisomes stain dark when 
incubated in a medium containing diaminobenzidine 
(DAB) and hydrogen peroxide (H 2 0 2 ) at alkaline pH 
thanks to the present of catalase in peroxisomes. The 
availability of specific antibodies raised against per- 
oxisomal matrix as well as membrane proteins, some 
of which are commercially available, has allowed 
unequivocal identification of peroxisomes using 
immunohistochemical, immunofluorescence, and 
immuno-electron microscopic methods. These meth- 
ods have been used to study peroxisomes in different 
cells and have shown that the morphology of peroxi- 
somes varies among different cell types, ranging from 
round to oval structures to elaborate tubular or retic- 
ular structures. Furthermore, the size and abundance 
of peroxisomes also vary widely, ranging from very 
small so-called microperoxisomes in fibroblasts 
(<0.1um) to large peroxisomes in hepatocytes 
(>1.0 um). A striking feature of peroxisomes, at least 
in rodents, is their inducibility by a variety of dietary, 
hormonal, and other physiological effectors includ- 
ing fibrates such as clofibrate, bezafibrate, and phe- 
nofibrate. Fibrates exert their effect on peroxisomes 
via activation of one of the peroxisome proliferator 
activating receptors (PPARs), PPAR-a, which forms a 
heterodimer with the retinoic acid receptor (RXR) 
and activates the transcription of a range of different 
genes containing a peroxisome proliferator response 
element (PPRE) in their promoter regions. Several 
genes coding for different peroxisomal enzyme activ- 
ities contain such a PPRE, which explains their 
inducibility by fibrates and other PPAR-a ligands. 
Although fibrates are effective hypolipidemic agents 
in humans as well, their effect on peroxisomes in 
humans in terms of peroxisome induction and upreg- 
ulation of peroxisomal enzyme activities remains to 
be determined. 

Although long regarded as relatively insignificant 
organelles with only a minor role in cellular metabo- 
lism, it is now clear that peroxisomes are essential 
subcellular organelles, as exemplified by the devastat- 



ing consequences of a defect in peroxisome biogene- 
sis as in Zellweger syndrome. In the last few years 
much has been learned about the biogenesis and 
metabolic functions of peroxisomes. With respect to 
peroxisome biogenesis, it is now clear that peroxiso- 
mal proteins are synthesized on free polyribosomes 
and are targeted to pre-existing peroxisomes by 
virtue of specific targeting signals contained within 
the amino acid sequences of the different peroxiso- 
mal proteins. Peroxisomal matrix proteins contain 
one of two different peroxisome targeting signals 
(PTS), the first of which, PTS1, is used by most of the 
peroxisomal matrix proteins. The PTS1 involves a 
C-terminal tripeptide of the sequence serine-lysine- 
leucine (SKL) or a variant thereof. The second per- 
oxisomal targeting signal, PTS2, has been found in far 
fewer peroxisomal proteins and involves a stretch of 
nine amino acids, of which amino acids 1, 2, 8, and 9 
are essential. The following consensus sequence has 
been found for the PTS2 motif (R/K)-(L/V/I)- 
XXXXX-(H/Q)-(L/A), in which X may be any amino 
acid. In human beings the PTS2 has only been identi- 
fied in three peroxisomal proteins. Peroxisomal 
membrane proteins lack both a PTS1 and a PTS2 sig- 
nal, implying the existence of additional signals, 
which remain ill defined. The identification of the 
PTS1 and PTS2 targeting signals was soon followed 
by the discovery of soluble receptors, called Pex5p 
and Pex7p, which recognize the PTS1 and PTS2 sig- 
nals respectively. These two receptors pick up PTS1 or 
PTS2 proteins in the cytosol and direct these proteins 
to the peroxisomal membrane, where a complex net- 
work of proteins takes care of the transport of the 
PTS1 and PTS2 proteins across the peroxisomal 
membrane to end up in the peroxisome interior. On 
the basis of studies in yeasts, many of the proteins in- 
volved in correct transmembrane transport of PTS1 
and PTS2 proteins have been identified. Proteins that 
are essential for peroxisome biogenesis have been 
termed peroxins and are written as "Pex" followed by 
a number and a small "p," e.g., Pex5p, Pex7p. The cor- 
responding genes are called PEX genes, so that PEX5 
codes for Pex5p, PEX7 for Pex7p, and so on. So far, 32 
different peroxins have been identified in different 
species. Since peroxisome biogenesis is so markedly 
conserved among different species ranging from 
yeast to plants and humans, most of the peroxins have 
homologues in all the different species. So far 14 
different PEX genes have been identified in humans. 
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As anticipated, mutations in any of these PEX genes 
will give rise to a defect in peroxisome biogenesis and 
underlie the disorders of peroxisome biogenesis. 

Originally, peroxisomes were thought to play a role 
in hydrogen peroxide (H 2 0 2 ) metabolism only. Per- 
oxisomes contain a variety of H 2 0 2 -generating oxi- 
dases and catalase, which cleaves H 2 0 2 to H 2 0 and 
oxygen, thus constituting a simple respiratory path- 
way. In addition, peroxisomes carry out a series of 
other metabolic functions, the most important of 
which are fatty acid p-oxidation, ether phospholipid 
biosynthesis, fatty acid a-oxidation, glyoxylate de- 
toxification, and L-pipecolic acid oxidation. There is 
much confusion about the role of peroxisomes in iso- 
prenoid biosynthesis including cholesterol forma- 
tion, for which reason we have decided to leave this 
potential function of peroxisomes out. 

Fatty acid p -oxidation in peroxisomes involves a 
sequence of four reactions just as in mitochondria, in 
which an acyl-CoA ester undergoes dehydrogenation, 
hydration, dehydrogenation again, and thiolytic 
cleavage. Apart from this similarity, peroxisomal and 
mitochondrial p-oxidation differ in many respects, 
including the oxidation of different substrates in the 
two organelles. Mitochondria are able to oxidize 
short-, medium-, and long-chain fatty acids and are 
responsible for the oxidation of the bulk of dietary 
fatty acids. Peroxisomes, on the other hand, are not so 
important energetically, but are important for the 
degradation of a specific subset of fatty acids includ- 
ing very-long-chain fatty acids, pristanic acid, and 
di- and trihydroxycholestanoic acid. The latter two 
acids are formed in the liver from cholesterol and are 
the direct precursors of the primary bile acid cheno- 
deoxycholic acid and cholic acid, respectively. The 
difference between the functional roles of mitochon- 
drial and peroxisomal p-oxidation is exemplified by 
the different clinical signs and symptoms of patients 
affected by a defect in mitochondrial versus peroxiso- 
mal p-oxidation. Another major function of the per- 
oxisomal p-oxidation system concerns the "bio- 
synthesis" of polyunsaturated fatty acids including 
docosahexaenoic acid (C 22:6oo _ 3 ). Recent studies have 
clearly shown that the formation of C 22:6oo _ 3 from 
linolenic acid (Ci 8:3oo _ 3 ) involves active participation 
of the peroxisomal p-oxidation system at the level of 
the conversion of C 24:6oo _ 3 to C 22:6oo _ 3 . 

With respect to the enzymes involved in the p-oxi- 
dation of all these compounds, it was long thought 
that a single set of enzymes, including acyl-CoA 
oxidase, L-bifunctional protein with enoyl-CoA hy- 
dratase and 3-hydroxyacyl-CoA dehydrogenase ac- 
tivities, and peroxisomal thiolase would catalyze the 
P-oxidation of all these compounds. It now turns out, 
however, that peroxisomes harbor two acyl-CoA oxi- 
dases, one for straight-chain fatty acids like C 26:0 , and 
one for branched-chain fatty acids like pristanic acid 



and di- and trihydroxycoprostanoic acid, two Afunc- 
tional proteins, and two peroxisomal thiolases. With 
respect to the bifunctional proteins, current knowl- 
edge holds that the second, more recently identified 
bifunctional protein, named D-bifunctional protein, 
is the single enzyme involved in the oxidation of C 26:0 , 
pristanic acid, as well as the two cholestanoic acids, 
whereas the two thiolases both play a part in the oxi- 
dation of these compounds. Apart from the differ- 
ences in terms of enzymes involved in p-oxidation in 
mitochondria and peroxisomes, there are a number 
of other differences including the transport of fatty 
acids across the peroxisomal versus mitochondrial 
membrane. Mitochondrial entrance of long-chain 
fatty acids is mediated by a carnitine cycle involving 
carnitine palmitoyl transferase 1 (CPT1), mitochon- 
drial carnitine/acylcarnitine transporter (CACT), 
and carnitine palmitoyl transferase 2 (CPT2), where- 
as transport of fatty acids across the peroxisomal 
membrane is probably mediated by membrane pro- 
teins belonging to the family of ABC transporters, of 
which four have been identified in peroxisomal mem- 
branes. One of these four is called adrenoleukodys- 
trophy protein (ALDP), which is deficient in X-linked 
adrenoleukodystrophy and probably catalyzes the 
transport of very-long-chain fatty acids in their 
CoA-ester form. The end products of peroxisomal 
P-oxidation, including acetyl-CoA, propionyl-CoA, 
and medium-chain acyl-CoAs, are shuttled to mito- 
chondria in the form of carnitine esters for final oxi- 
dation to C0 2 and water inside the mitochondria. The 
peroxisomal p-oxidation system does not only act on 
saturated fatty acids, but it is also capable of cata- 
lyzing chain shortening of monounsaturated and 
polyunsaturated fatty acids. To this end, peroxisomes 
are equipped with enzymes such as 2,4-dienoyl-CoA 
reductase and A3, A2-enoyl-CoA isomerase. 

The second important function of peroxisomes 
has to do with ether phospholipids. Ether phospho- 
lipids are a special class of phospholipids which differ 
from the regular, better-known diacylphospholipids 
in one major respect, which is the occurrence of 
an ether linkage rather than an ester linkage at the 
sn-1 position of the glycerol backbone. Two groups 
of ether phospholipids can be distinguished with 
either an 1-O-alkyl or an 1-O-alk-l-enyl-linkage. The 
latter phospholipids (l-O-alk-l-enyl-2-acyl phospho- 
glycerides) with an a-, p -unsaturated ether bond 
are also known by their trivial name plasmalogens. 
Platelet activating factor (PAF; l-O-alkyl-2-acetyl- 
glycerophosphocholine) is the best-known ether 
phospholipid. Plasmalogens constitute 5-20% of 
the phospholipids of cell membranes and are present 
at high concentrations in the brain, especially in 
myelin. PAF induces both platelet and leukocyte 
aggregation and degranulation and is important in 
several disease processes including inflammation and 
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anaphylaxis. Peroxisomes are involved in the intro- 
duction of ether bonds in ether phospholipids, since 
the first two enzymes involved in ether phospholipid 
biosynthesis are localized in peroxisomes. These 
enzymes are dihydroxyacetonephosphate acyltrans- 
ferase (DHAPAT) and alkyldihydroxyacetonephos- 
phate synthase (alkyl-DHAP synthase), whereas all 
subsequent steps are catalyzed by enzymes in the 
endoplasmic reticulum. 

The third important function of peroxisomes is 
fatty acid a-oxidation. Fatty acids such as phytanic 
acid (3,7,1 1,1 5-tetramethylhexadecanoic acid) with a 
methyl group at the 3 -position cannot undergo direct 
P -oxidation. Instead, 3 -methyl branched- chain fatty 
acids like phytanic acid first undergo a-oxidation in 
which the terminal carboxyl group is removed as C0 2 . 
The pathway of phytanic acid a-oxidation has long 
remained mysterious but has been resolved in recent 
years. It is now clear that phytanic acid is first con- 
verted into its Co A- ester followed by a series of en- 
zymes including phytanoyl-CoA hydroxylase, 2-hy- 
droxyphytanoyl-CoA lyase, and pristanal dehydroge- 
nase, which are all peroxisomal enzymes, to produce 
C0 2 and pristanic acid (2,4,6, 10-tetramethylpentade- 
canoic acid). Pristanic acid can then be activated via 
an intraperoxisomal acyl-CoA synthetase (VLCS) to 
produce pristanoyl-CoA followed by p -oxidation. 

Detoxification of glyoxylate via the peroxisomal 
enzyme alanineglyoxylate aminotransferase (AGT) is 
another major function of peroxisomes. Deficiency of 
AGT as in hyperoxaluria type 1 leads to the accumu- 
lation of glyoxylate, which is subsequently converted 
into glycolate and oxalate, which precipitates as calci- 
um oxalate in tissues. 

A final important function of peroxisomes is the 
degradation of L-pipecolic acid via a peroxisomal 
oxidase called L-pipecolate oxidase. Pipecolic acid is a 
degradation product of L-lysine, which is normally 
degraded by the saccharopine pathway. However, 
L-lysine may also be degraded via the L-pipecolic acid 
pathway, which may be especially important in brain 
since the activity of the saccharopine pathway is low 
in brain. In the L-pipecolic acid pathway, L-pipecolic 
acid is produced from L-lysine via two enzymatic 
steps, and is then oxidized by L-pipecolate oxidase, a 
peroxisomal enzyme, at least in humans. The struc- 
ture and function of the L-pipecolic acid pathway 
remain incompletely understood. 



17.2 Peroxisomal Disorders 

Disturbance of normal peroxisomal function is asso- 
ciated with far-reaching and devastating conse- 
quences. Zellweger syndrome is generally considered 
to be the prototype of the group of peroxisomal dis- 



orders. Although different classifications have been 
proposed through the years, most authors now use a 
classification in two distinct categories: the disorders 
of peroxisome biogenesis, and the single peroxisomal 
enzyme deficiencies. 

1. Peroxisome biogenesis disorders 

(a) Cerebrohepatorenal syndrome 
(Zellweger syndrome) 

(b) Neonatal adrenoleuko dystrophy 

(c) Infantile Refsum disease 

(d) Rhizomelic chondrodysplasia punctata type 1 

2. Single peroxisomal enzyme deficiencies 

(a) X-linked adrenoleuko dystrophy 

(b) Acyl-CoA oxidase deficiency 

(c) D-Bifunctional protein deficiency 

(d) 2-Methylacyl-CoA racemase deficiency 

(e) Adult Refsum disease 

(f ) Rhizomelic chondrodysplasia punctata type 2 
(DHAPAT deficiency) 

(g) Rhizomelic chondrodysplasia punctata type 3 
(alkyl-DHAP synthase deficiency) 

(h) Acatalasemia 
(i) Mulibrey nanism 

The first category contains peroxisomal disorders in 
which peroxisome biogenesis is deficient. In Zell- 
weger syndrome (ZS), neonatal adrenoleukodystro- 
phy (NALD), and infantile Refsum disease (IRD), 
together called Zellweger spectrum, both the PTS1 
and PTS2 pathways are affected, which is associated 
with the generalized loss of peroxisomal functions, 
whereas in the other type of peroxisome biogenesis 
disorder, with rhizomelic chondrodysplasia punctata 
(RCDP) type 1 as sole representative, peroxisome bio- 
genesis is only partially defective. In RCDP type 1 
only the PTS2 pathway is blocked as a consequence of 
a nonfunctional PTS2-receptor (Pex7p) encoded by 
PEX7. In contrast to RCDP type 1, which is related to 
a single gene defect, the Zellweger spectrum disor- 
ders are genetically heterogeneous, with 1 1 different 
genes identified so far: PEX1, PEX2, PEX3, PEX5, 
PEX6, PEX10, PEX12, PEX13, PEX16, PEX19, and 
PEX26. In 65 % of Zellweger spectrum patients, PEX1 
is the gene involved, which is explained, at least in 
part, by the occurrence of two frequent mutations in 
the PEX1 gene. As a consequence, PTS2 proteins like 
peroxisomal thiolase, alkyldihydroxyacetonephos- 
phate synthase, and phytanoyl-CoA hydroxylase are 
not properly targeted to peroxisomes, which explains 
a selective loss of peroxisomal functions (plasmalo- 
gen biosynthesis and phytanic acid a-oxidation). 

In the second category, peroxisome biogenesis is 
intact, but the basic problem is at the level of one of 
the enzymes or transporters involved in each of the 
different metabolic pathways contained in peroxi- 
somes. 



Chapter 18 

Peroxisome Biogenesis Defects 



18.1 Clinical Features 

and Laboratory Investigations 

Peroxisome biogenesis disorders are genetically het- 
erogeneous diseases with an autosomal recessive 
mode of inheritance. They include Zellweger syn- 
drome (ZS, also called cerebrohepatorenal syn- 
drome), neonatal adrenoleuko dystrophy (NALD), 
and infantile Refsum disease (IRD). The clinical pic- 
tures of these disorders show similarities, but an im- 
portant difference is a difference in severity, the clin- 
ical course being most severe in ZS and mildest in 
IRD. Exceptional patients present with a still milder 
phenotype. 

After birth children with ZS show profound mus- 
cular hypotonia. Most patients lie motionless with 
weak or absent Moro reflex, tendon reflexes, and 
sucking and swallowing reflexes. Tube feeding is nec- 
essary. Typically, the children have craniofacial dys- 
morphism with a high and bulging forehead, flat 
occiput, upslanting palpebral fissures, puffy eyelids, 
hypoplastic supraorbital ridges, and a low and broad 
nasal bridge with hypertelorism and epicanthus 
folds, giving them a mongoloid appearance. In addi- 
tion, Brushfield spots, peripheral pigmentary 
retinopathy, optic nerve dysplasia or hypoplasia, 
glaucoma, corneal clouding, cataracts, low-set mal- 
formed ears, high arched palate, micrognathia, and 
widely patent sutures and fontanels are present. 
Macro cephaly may be present. Some children have a 
cleft soft palate. The children have a severe visual 
and hearing deficit. Nystagmus is often present. He- 
patomegaly, prolonged neonatal or later-onset 
icterus, and hemorrhages due to hypoprothrombine- 
mia are common. Limb anomalies include cubitus 
valgus, camptodactyly, single transverse palmar 
creases, and talipes equinovarus. Failure to thrive and 
severe psychomotor retardation are conspicuous. 
Seizures are frequent. Cardiac defects are not fre- 
quent, but ventricular septum defect, patent ductus 
arteriosus, and patent foramen ovale may occur. 
Cryptorchidism is frequently observed in boys, cli- 
toromegaly and labial hypoplasia in girls. About 90% 
of the patients die within the first year of life, death 
occurring in the majority within the first few months. 

Most children with NALD have neurological ab- 
normalities at birth, but some are initially near-nor- 
mal. Hypotonia is moderate to severe, reflexes are hy- 
poactive. Craniofacial dysmorphism is milder than in 



ZS. Widely patent fontanels are uncommon. The af- 
fected children show feeding problems, failure to 
thrive, hepatomegaly, and sometimes jaundice. Fur- 
thermore, the disease is characterized by seizures, 
sensorineural hearing loss, decreased vision with 
nystagmus, optic atrophy or dysplasia, and pigmen- 
tary retinal degeneration. The posterior eye segment 
abnormalities are identical to those of ZS, but anteri- 
or segment abnormalities are lacking. Macrocephaly 
may be present. Within the first year of life severe de- 
velopmental retardation becomes apparent, although 
most infants reach some milestones before neurolo- 
gical deterioration occurs. The age at which regres- 
sion begins varies from 12 months to more than 
7 years. Progressive neurological dysfunction is char- 
acterized by cerebellar ataxia, spasticity of the arms 
and legs with truncal hypotonia, increased deep ten- 
don reflexes, extensor plantar reflexes, and sensory 
defects. If not present from birth onwards, seizures 
usually occur in this period. Visual dysfunction pro- 
gresses to blindness. Adrenal insufficiency is rarely 
clinically manifest. Exceptional patients are initially 
entirely normal or close to normal with onset of rapid 
neurological deterioration in the second year of life. 
The course of disease is more protracted in NALD 
than in ZS, death occurring between the ages of 1.5 
and more than 10 years. 

IRD is the mildest variant of the three mentioned 
disorders. The disease is usually not manifest at birth 
but presents itself within the first 6 months of life 
with psychomotor retardation, minor facial dysmor- 
phism, mild hypotonia, sensorineural deafness, 
and visual impairment with retinal pigmentary de- 
generation, optic dysplasia, and nystagmus. Hepato- 
megaly and failure to thrive with growth retardation 
are common. Seizures occur but epilepsy is not as 
severe as in ZS. Many patients are able to sit and walk 
independently after several years, whereas others 
never acquire these abilities. The gait is usually ataxic 
and broad-based, and cognitive function in the se- 
verely retarded range. Life expectancy is considerably 
longer than in ZS and NALD, up to more than 2 
decades. 

Milder variants of peroxisome biogenesis defects 
with later onset and more protracted disease course 
have been described. One of the mildest variants 
reported concerns a family in whom adults with a 
normal or borderline intelligence only demonstrate 
sensorineural hearing loss and retinitis pigmentosa, 
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leading to a diagnosis of Usher syndrome (Raas- 
Rothschild et al. 2002). 

In ZS, laboratory investigations may reveal many 
different, in themselves nonspecific biochemical ab- 
normalities, such as hyperbilirubinemia, elevated liv- 
er enzymes, hypoprothrombinemia, reduced albumin 
level, hypocarnitinemia, hypocholesterolemia, gener- 
alized amino aciduria, and elevated CSF protein. 
These abnormalities are not necessarily all present. 
Elevated serum iron, iron saturation, and transferrin 
may be found, but these findings are inconsistent and 
transient. As a rule, an abnormally low Cortisol re- 
sponse to ACTH stimulation is found despite normal 
basal Cortisol level. More specific abnormalities are 
directly related to generalized deficiency of peroxiso- 
mal function. Plasma levels of very long- chain fatty 
acids are increased with an elevation of the C 26 :C 22 
and C 2 4:C 2 2 fatty acid ratio. Saturated as well as mo- 
nounsaturated and polyunsaturated very-long- chain 
fatty acids are increased. Plasma pipecolic acid and 
phytanic acid may be normal initially but increase 
with age. Plasma dicarboxylic acids are raised. Abnor- 
mal bile acids such as dihydroxycholestanoic acid and 
trihydroxycholestanoic acid are elevated. In urine 
elevated levels of dicarboxylic acids, dihydroxyc- 
holestanoic acid, and trihydroxycholestanoic acid are 
present. In platelets and red blood cells a deficiency of 
the peroxisomal enzyme dihydroxyacetone phos- 
phate acyltransferase can be shown. The plasmalogen 
content of red blood cells is decreased in the first few 
months of life. The plasmalogen level of the red blood 
cells increases with age and may be normal in pa- 
tients who are 4 months or older. The synthesis of 
platelet activating factor by leukocytes is deficient. 
The activity of dihydroxyacetone phosphate acyl- 
transferase can be shown to be deficient in leukocytes 
and thrombocytes. In cultured fibroblasts a de- 
creased content of plasmalogen and increased levels 
of very-long-chain fatty acids can be demonstrated. 
The p-oxidation of very-long- chain fatty acids, the de 
novo biosynthesis of plasmalogens, and the activity 
of dihydroxyacetone phosphate acyltransferase, alkyl 
dihydroxyacetone phosphate synthase, and phytanic 
acid oxidation can be shown to be deficient in fibro- 
blasts. Finally, in fibroblasts catalase activity is not 
found in organelles, but in the cellular cytoplasm. 

Laboratory abnormalities are essentially the same 
in NALD and IRD, but milder than in ZS. In ZS the 
accumulation of very-long- chain fatty acids includes 
the saturated and monounsaturated C 2 6 fatty acid and 
is associated with a decrease in the C 22 saturated fatty 
acid concentration. In NALD the rise in very-long- 
chain fatty acids is not associated with an increase in 
monounsaturated C 26 fatty acid and the C 22 fatty acid 
is on average higher than normal. In NALD, mild 
adrenal insufficiency and low Cortisol response in 
ACTH stimulation is usually found, although appar- 



ently normal adrenal function is not incompatible 
with the diagnosis. In IRD adrenal function is nor- 
mal. 

X-ray examinations in ZS often reveal calcific stip- 
pling of bony epiphyses. Stippled, irregular calcifica- 
tion of particularly the patellae, greater trochanters, 
triradiate cartilages, acetabulum, scapula, and ster- 
num is seen in 50-70% of the ZS patients. Ultrasound 
may detect multiple small renal cortical cysts, but 
they are often difficult to find. In NALD and IRD no 
calcific stippling of bony epiphyses is present. No 
renal cysts are found. ERG is extinguished at a very 
early age in ZS and the EEG is highly abnormal with 
epileptic discharges. BAEP shows reduced responses. 
In NALD and IRD the ERG becomes extinguished and 
BAEP is abnormal. Nerve conduction velocity may be 
decreased in NALD; it is normal in IRD. 

Prenatal diagnosis can be performed with the help 
of various biochemical investigations in cultured 
chorionic villus cells and amnio cytes. DNA tech- 
niques can be applied in families with known muta- 
tions. 



18.2 Pathology 

Brain weight in ZS is normal or may exceed normal. 
External examination reveals abnormalities in the 
cerebral convolutional pattern with areas of pachy- 
gyria and polymicrogyria. Polymicrogyria is typical- 
ly present in the opercular regions of the frontal, pari- 
etal, and temporal lobes and within the insular re- 
gion, with an increased number of gyri and decreased 
amplitude of the gyri. In the superior region, over the 
frontoparietal convexities, the polymicrogyric cortex 
merges with a pachygyric cortex, where convolutions 
are abnormally broad and reduced in number. There 
is a failure of full opercularization of the insula and 
the sylvian fissure is abnormally vertical in orienta- 
tion. Otherwise the gyral pattern of the cerebral 
hemispheres is normal. Often the cerebellum is hy- 
poplastic and the cerebellar cortex has areas of 
polymicrogyria. External appearance of the brain 
stem is normal. 

On sectioning the gyral abnormalities are con- 
firmed with moderate thickening of the cortical plate 
in the areas of abnormal gyration. The lateral ventri- 
cles are mildly enlarged and have a mildly colpo- 
cephalic configuration. There is a moderate symmet- 
rical decrease in volume of the white matter. Olfacto- 
ry bulbs and tracts and optic nerves are thin, as is 
the corpus callosum. Periventricular subependymal 
cysts, so-called germinolytic cysts, are often present 
over the heads of the caudate nucleus. In the brain 
stem, hypoplasia and dysplasia of the inferior olives is 
apparent. 
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Microscopic examination reveals that the cerebral 
cortex has a normal cytoarchitectonic pattern in the 
normally convoluted areas. The cy to architecture of 
polymicrogyric and pachygyric cortex is abnormal 
and there are heterotopias in the subcortical white 
matter under the regions of cortical abnormality. The 
migrational abnormality has principally affected 
neurons destined for the outer cortical layers. Many 
cells normally found in the outer cortical layers (lay- 
ers II and III) are distributed in heterotopic positions 
within the deep cortical layers (layers V and VI) and 
in the white matter below the cortex. However, some 
of the neurons destined for the deep cortical layers 
are in their normal laminar positions. The difference 
between the pachygyric and polymicrogyric cortices 
is related to differences in intracortical cell patterns. 
The outer cortical layers are relatively more cellular in 
polymicrogyric cortex than in pachygyric cortex, 
whereas the reverse is true with regard to the deeper 
cortical layers. Within the cortex a marked astrocytic 
gliosis is present. Within the proliferated astrocytes, 
an excess of sudanophilic lipid material is seen. PAS- 
positive deposits are seen in the cortex of some of the 
patients related to glycogen deposition in the cyto- 
plasm and nucleoplasm of neurons and astrocytes. 
Clusters of unusual histiocytes and multinucleated 
giant cells have been described with cytoplasm that is 
in part homogeneously PAS-positive and in part 
foamy and sudanophilic. 

The white matter is characterized by a profound 
deficiency of myelin and presence of gliosis. Myelin 
deficiency is caused by delayed and disturbed myeli- 
nation; active loss of myelin cannot be demonstrated. 
Throughout the white matter many astrocytes are 
present which are hypertrophic and contain sudano- 
philic lipid material in their cytoplasm. Lipid deposits 
are also seen in histiocytes and macrophages. No 
perivascular infiltration with inflammatory cells is 
present. The white matter abnormality is usually dif- 
fuse and generalized. In some cases the periventricu- 
lar white matter is most severely involved with no 
myelin left in that area. Oligodendrocytes are reduced 
in number. There is a decrease of axons in the white 
matter corresponding to an area of pachygyria or 
polymicrogyria. The ventricles are partially denuded 
of ependyma and regionally the ependyma is a pseu- 
dostratified columnar epithelium resembling the epi- 
thelium seen in midfetal life. In many patients germi- 
nolytic cysts are present in subependymal areas. 

The basal ganglia have a normal configuration, but 
at microscopic examination changes similar in nature 
to those in the cortex are seen, with an increase in 
astrocytes and the presence of lipid-laden cells. The 
optic nerves, chiasm, and optic tracts may show dif- 
fuse deficiency of myelin and presence of gliosis. The 
brain stem is normal in architecture, except for hy- 
poplasia and dysplasia of the inferior olives, which 



lack the usual delicately convoluted pattern. The 
brain stem is poorly myelinated. A diffuse increase in 
the number of astrocytes is found in gray and white 
matter and lipid-laden foamy cells are present. The 
cerebellum is often hypoplastic and its convolutional 
pattern abnormal. Areas of polymicrogyria are com- 
mon and microscopic examination shows that corti- 
cal lamination is markedly abnormal at these points. 
Many heterotopic Purkinje cells are present in the 
subcortical white matter. A marked increase in astro- 
cytes is present in the cerebellar cortex, and many 
glial cells and macrophages have vacuolated foamy 
cytoplasm filled with lipid droplets. The changes in 
the cerebellar white matter are similar to those in the 
white matter of the cerebral hemispheres. The dentate 
nuclei may be hypoplastic and dysplastic, showing 
the same lack of convolutions as observed in the infe- 
rior olivary nuclei. 

Electron microscopy reveals that the lipid-laden 
cells contain typical trilamellar inclusions along with 
heterogeneous material. These inclusions are in- 
tralysosomal. The trilamellar structures are com- 
posed of two parallel electron-dense lines separated 
by an electron-lucent zone. They are identical to those 
encountered in other peroxisomopathies and may 
contain very-long- chain fatty acids. Structurally ab- 
normal mitochondria have been reported in some 
cases. 

Following birth hepatic cirrhosis may develop 
rapidly, although not invariably. The liver is enlarged 
in most ZS patients. Histological findings vary from 
near-normal to diffusely abnormal, dependent on the 
age of the patient. In the first 2 months of life, micro- 
scopic abnormalities are absent or mild and include 
fibrosis, cholestasis, and intrahepatic bile duct hy- 
poplasia. In older patients fibrosis and distortion of 
liver architecture is more severe, ending in micro - 
nodular cirrhosis. Inconstant excess of hemosiderin 
in hepatocytes and in particular in Kupffer cells and 
macrophages may be related to age, with the greatest 
prominence between 5 and 18 weeks of age. In excep- 
tional cases, accumulation of glycogen is found. On 
ultrastructural examination, no peroxisomes are seen 
in hepatocytes, where they are normally found in 
abundance. Invariably, abnormal mitochondrial mor- 
phology is seen. Intralysosomal trilamellar inclusions 
are present in Kupffer cells and macrophages. In the 
kidney multiple small cysts are present in the cortex, 
especially in the subcapsular region. The average di- 
ameter is 3 mm, with some reaching 8 mm. They are 
predominantly of tubular, occasionally of glomerular 
origin. Ultrastructural examination reveals no perox- 
isomes in renal tubular epithelium, where they are 
normally found in large numbers. Adrenal glands are 
either normal in size or small. The medulla is unre- 
markable. In the zona reticularis and inner fascicula- 
ta large striated cells are seen with dense inclusions. 
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On ultrastructural examination, these cells contain 
trilaminar inclusions. Hyperplasia of pancreatic islets 
and pancreatic fibrosis have been observed in isolat- 
ed patients. In muscle tissue myopathic changes and 
presence of abnormal mitochondria are occasionally 
observed. 

In NALD brains, the gyrational abnormalities are 
much milder than in ZS. Areas of polymicrogyria and 
pachygyria, in particular in the area of the sylvian 
fissure, and a few islands of heterotopic neurons are 
seen within the white matter. The cerebral cortex is 
otherwise normal. Few cerebellar heterotopias are 
seen. Inferior olives may be dysplastic. 

White matter degenerative changes are, however, 
much more severe in NALD than in ZS. Diffuse de- 
myelination involves cerebellar white matter, brain 
stem, and cerebral hemispheres. Demyelination oc- 
curs in zoned lesions in X-linked adrenoleuko dystro- 
phy, but is more diffuse in NALD. The process is most 
severe in the cerebellar white matter, the pyramidal 
tracts in the internal capsule, brain stem and spinal 
cord, and in the parieto-occipital region. The cerebral 
arcuate fibers are relatively spared. In the areas of 
demyelination, the axons are relatively intact, but if 
demyelination is severe, axons may also be destroyed 
and cavitation may occur. In the affected areas gliosis 
is present and there is an accumulation of lipids, 
predominantly in histiocytes and macrophages, but 
little, if any, in astrocytes. Perivascular infiltration 
with mononuclear inflammatory cells may be pre- 
sent, but is then less severe than in X-linked adreno- 
leukodystrophy. On ultrastructural examination tri- 
lamellar inclusions have been found in vacuoles with- 
in histiocytes and macrophages in areas of demyeli- 
nation. A polyneuropathy with thin myelin sheaths 
and trilamellar inclusions in Schwann cells and fibro- 
blasts has been found in some of the patients. 

Liver disease in NALD is less severe than in ZS. He- 
patic fibrosis and micronodular cirrhosis may occur, 
but are not obligatory. Evidence of glycogen deposits 
may be present. Mitochondria have been described as 
either normal or abnormal in morphology. In most 
cases, absence or a marked reduction in number and 
size of peroxisomes has been reported, but enlarged 
hepatic peroxisomes have also been found. Histio- 
cytes and macrophages that contain lipid storage ma- 
terial are present and may be abundant. On ultra- 
structural examination these cells are shown to con- 
tain the typical trilamellar inclusions. No renal corti- 
cal cysts are present. The adrenal cortex is atrophic 
and contains ballooned, lipid-laden cells. Electron 
microscopy reveals trilamellar inclusions in adreno- 
cortical cells and in macrophages. Myopathic changes 
and mitochondrial abnormalities have been found in 
muscle tissue. 

NALD is characterized by a generalized, systemic 
infiltration of many tissues by lipid-laden macro- 



phages not seen in ZS. The storage cells harbor tri- 
lamellar inclusions and heterogeneous material. They 
are seen in multiple sites of the reticuloendothelial 
system and are not confined to sites of active degen- 
eration such as the CNS. They occur in liver, spleen, 
lungs, lymph nodes, and gastrointestinal mucosa. 

In IRD no malformations of the cerebral cortex are 
present and no neuronal heterotopias within the 
white matter. The white matter may be hypoplastic. 
White matter changes are mild. Myelin content is 
diminished, but there are no signs of active demyeli- 
nation. In the areas of myelin deficiency and gliosis, 
one finds macrophages surrounding vessels and con- 
taining trilaminar lamellae. There may be cerebellar 
atrophy with reduced numbers of granular cells. 

In the liver in IRD fibrotic changes may be present. 
Trilamellar lipid inclusions are seen in macrophages, 
Kupffer cells, and hepatocytes. Peroxisomes are ab- 
sent or reduced in number and size. Mitochondria 
have abnormal morphology. No cortical renal cysts 
are seen. No adrenal degeneration is present. Foamy 
histiocytes may be seen in multiple organs. 



18.3 Pathogenetic Considerations 

The assembly of peroxisomes requires the interaction 
of a set of biogenesis proteins, peroxins, which are en- 
coded by PEX genes. Peroxisomal matrix proteins are 
synthesized on free polyribosomes and are directed 
to the peroxisome by specific targeting signals, PTS1 
and PTS2. Most peroxisomal proteins use PTS1; 
phytanoyl-CoA hydroxylase, alkyldihydroxyacetone 
phosphate synthase, and peroxisomal thiolase are 
the only three peroxisomal enzymes that use a PTS2 
targeting sequence. PTS1 consists of a C-terminal 
tripeptide, SKL, that is recognized by the PTS1 recep- 
tor. There is a third mechanism for importation of 
peroxisomal membrane proteins (PMPs). 

In peroxisome biogenesis disorders there is a 
defect in peroxisomal membrane synthesis or the 
matrix protein import. Complementation studies by 
somatic cell fusion studies have been extremely 
important in the elucidation of the basic defects in 
peroxisome biogenesis defects. In complementation 
studies cultured skin fibroblasts from different pa- 
tients are fused and the resulting multinucleated cells 
are collected. Complementation is said to have oc- 
curred when the multinucleated cells show a restora- 
tion of function or structural features that were defi- 
cient in the unfused cell lines. Eleven different com- 
plementation groups have so far been identified for 
ZS, NALD, and IRD, and the underlying genes for the 
complementation groups are: PEX1 (complementa- 
tion group 1 or E),PEX2 (group 10 or ¥),PEX3 (group 
12 or G), PEX5 (group 2), PEX6 (group 4 or C), PEX10 
(group 7 or B),PEX12 (group 3),PEX13 (group 13 or 
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H), PEX16 (group 9 or D), PEX19 (group 14 or J), and 
PEX26 (group 8 or G). Almost all complementation 
groups are associated with more than one clinical 
phenotype and often with all three. Rhizomelic chon- 
drodysplasia punctata patients belong to a separate 
complementation group (complementation group 
11), related to the gene PEX7. 

PEX1, located on chromosome 7q21-22, encodes 
Pexlp, a protein of the AAA ATPase family involved in 
peroxisome matrix protein import (AAA stands for 
ATPases associated with diverse cellular activities). 
PEX2, located on chromosome 8q2 1.1, encodes Pex2p, 
an integral peroxisomal membrane protein involved 
in matrix protein import. PEX3, located on chromo- 
some 6q23-24, encodes Pex3p, a peroxisomal mem- 
brane protein factor for the proper localization of 
peroxisomal membrane proteins and involved in 
peroxisomal membrane biogenesis. PEX5, located on 
chromosome 12pl3, encodes the PTS1 receptor, in- 
volved in peroxisome matrix protein import. PEX6, 
located on chromosome 6p2 1.1, encodes Pex6p, a pro- 
tein of the AAA ATPase family involved in peroxi- 
some matrix protein import. PEX10, located on chro- 
mosome lp36, encodes PexlOp, an integral peroxiso- 
mal membrane protein involved in peroxisome ma- 
trix protein import. PEX12 y located on chromosome 
17qll-12, encodes Pexl2p, an integral peroxisomal 
membrane protein involved in matrix protein import. 
PEX13, located on chromosome 2pl4-16, encodes 
Pexl3p, an integral peroxisomal membrane protein 
involved in matrix protein import. PEX16, located on 
chromosome llpl2-2, encodes Pexl6p, an integral 
peroxisomal membrane protein involved in peroxiso- 
mal membrane biogenesis. PEX19, located on chro- 
mosome lq22, encodes a peroxisomal membrane 
protein receptor involved in membrane biogenesis. 
PEX26 encodes Pex26p, a peroxisomal membrane 
protein involved in peroxisome matrix protein im- 
port. It recruits Pexlp and Pex6p AAA ATPase com- 
plexes to peroxisomes. 

Complementation group 1 is the largest and con- 
tains about 65 % of the patients. The related clinical 
phenotype is highly variable and covers the entire 
clinical spectrum from ZS to NALD to IRD. There is 
some genotype-phenotype correlation. Patients with 
two null mutations have a more severe phenotype 
than patients with a residual function of Pexlp. 

With defects in PEX3, PEX16, and PEX19 no perox- 
isomal membrane structures are present at all. In the 
other complementation groups, the defect involves 
peroxisomal protein import but not the synthesis of 
peroxisomal membranes, and in cells belonging to 
these complementation groups remnant peroxisomal 
membrane structures are present, also called peroxi- 
somal ghosts. These structures can be demonstrated 
in cultured fibroblasts by using antibodies to peroxi- 
somal membrane proteins. These structures are 



largely empty. They lack most of the peroxisomal ma- 
trix proteins; they contain the unprocessed precursor 
form of thiolase, unprocessed acyl-CoA oxidase, and 
residual dihydroxyacetone phosphate acyltransferase 
activity. Some catalase has also been found in the 
interior of peroxisomal remnant structures. 

The absence of normal peroxisomes is associated 
with defective function of multiple peroxisomal en- 
zymes. Several of the enzyme proteins, which are nor- 
mally located in the peroxisomal matrix, are free in 
the cytosol and are stable and biologically active. This 
is the case with catalase, D-amino acid oxidase, ala- 
nine glyoxylate aminotransferase, polyamine oxidase 
and L-a-hydroxy acid oxidase. In contrast, other per- 
oxisomal enzymes are synthesized normally, but are 
unstable in the cytosol, are rapidly degraded, and 
their enzyme activities are decreased. This is the case 
with the peroxisomal p -oxidation enzyme proteins, 
alkyldihydroxyacetone phosphate synthase and dihy- 
droxyacetone phosphate acyltransferase, and the 
plasmalogen synthesizing enzymes. 

In the peroxisome biogenesis disorders, mitochon- 
drial abnormalities are also found. Mitochondria are 
often morphologically abnormal. It is generally as- 
sumed that the mitochondrial abnormalities are sec- 
ondary. There is a metabolic interdependence of 
mitochondria and peroxisomes. Participation in fatty 
acid metabolism is a property of both organelles. Per- 
oxisomes shorten very-long- chain fatty acids prior to 
their oxidation by mitochondria. Defects in peroxiso- 
mal p -oxidation lead to accumulation of long- chain 
fatty acyl-CoAs, which have regulatory effects on a 
number of mitochondrial enzymes. The mitochon- 
drial abnormality may contribute to the clinical dis- 
ease. In some patients muscle pathology with abnor- 
mal mitochondria is observed, suggesting a mito- 
chondrial myopathy. However, no changes in lactate, 
pyruvate, 3-hydroxy butyrate, and acetoacetate have 
ever been reported in patients, indicating that in vivo 
the proposed mitochondrial dysfunction is usually of 
no or only minor importance. 

The peroxisome biogenesis defects are histopatho- 
logically characterized by a combination of malfor- 
mative and degenerative abnormalities. The dysonto- 
genetic or malformative changes include facial dys- 
morphia, renal cortical cysts, gray matter migrational 
disturbances, and abnormalities in myelin deposi- 
tion. The degenerative, regressive changes include the 
pigmentary retinal degeneration, the liver fibrosis 
and cirrhosis, the adrenal cortical atrophy, and 
storage, demyelination, and neuronal degeneration. 
In ZS the dysontogenetic abnormalities predominate 
in the CNS. In NALD there are some dysontogenetic 
changes, but CNS pathology is dominated by degen- 
eration and storage phenomena. In IRD both are mild 
or absent in the nervous system. 
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Mechanisms which interfere with migration in ZS 
and NALD do so to a partial degree only, as some neu- 
rons are in their normal position and only some of 
the neurons of a given class fail to complete their 
migrations. Neuronal migration is not disturbed in 
rhizomelic chondrodysplasia punctata. This observa- 
tion makes a disturbance of plasmalogen synthesis or 
phytanic acid oxidation improbable as the cause of 
the migrational defect. The disturbance of neuronal 
migration in patients with D-bifunctional protein de- 
ficiency directs attention to the very-long-chain fatty 
acid and bile acid abnormalities. Neuronal migra- 
tional abnormalities may reflect the effect of accumu- 
lated very-long-chain fatty acids, since elevations 
consistently accompany the peroxisomal disorders 
with disturbed migration. The exception is X-linked 
adrenoleuko dystrophy, in which very-long- chain fat- 
ty acids are elevated and no migrational disturbance 
is present. However, in X-linked adrenoleukodystro- 
phy the increase in very-long- chain fatty acids is not 
as severe as in ZS or NALD, and is more restricted. In 
ZS, saturated, monounsaturated and polyunsaturated 
fatty acids are increased. In NALD and IRD, saturated 
and monounsaturated fatty acids are elevated, where- 
as in X-linked adrenoleukodystrophy, only saturated 
fatty acids are elevated. A possible role of accumula- 
tion of bile acid intermediates must also be consid- 
ered. It is hypothesized that an accumulating sub- 
stance interferes with the cell adhesion molecule in- 
teractions and linkages, which are necessary for nor- 
mal migration of neurons along radial glial fibers. In 
ZS, ependymal abnormalities are found which are 
qualitatively similar but quantitatively less extensive 
than those found in classical lissencephaly. The ab- 
normal ependyma may be a primary factor in the 
pathogenesis of migrational disturbances. 

The white matter abnormalities vary among the 
disorders of peroxisomal biogenesis from predomi- 
nantly deficient and disturbed myelination in ZS to 
predominant demyelination in NALD and variable 
white matter gliosis in IRD. In ZS myelin is severely 
deficient, but no signs of active demyelination are 
seen; in NALD the process of myelination is initially 
relatively normal, but demyelination follows. The dif- 
ference between the two may be related to the degree 
of abnormality of membrane composition. Abnormal 
membrane composition is related to decreased avail- 
ability of plasmalogens and accumulation of very- 
long- chain fatty acids and phytanic acid in the vari- 
ous membrane lipids. The more severe abnormality 
in ZS results in disturbed myelin formation, whereas 
in NALD myelin is laid down but subsequently bro- 
ken down as a consequence of increasing instability. 
In IRD the biochemical abnormalities are mildest and 
white matter pathology only mild or minor. The in- 
flammatory response in NALD may be related to the 
liberation of lipids containing very-long-chain fatty 



acids in the process of myelin breakdown. These may 
be immunogenic and elicit an inflammatory re- 
sponse, as seen in X-linked adrenoleukodystrophy. 

ZS, NALD, and IRD are all characterized by the 
presence of trilamellar inclusions in lysosomes, the 
amount of which increases with age. They consist of 
cholesterol-bound very-long-chain fatty acids. The 
storage is, as a rule, more abundant in macrophages 
than in parenchymal cells. 

Hepatic fibrosis and cirrhosis are probably related 
to abnormal bile acid oxidation. Bile acid intermedi- 
ates such as trihydroxycholestanoic acid with known 
hepatic toxicity may be important pathogenetically 
for both the development of bile duct paucity and 
hepatocellular injury. 

The adrenal cortex is affected in all peroxisomal 
disorders with an elevation of very-long- chain fatty 
acids. The increase in these fatty acids causes an in- 
crease in membrane viscosity in adrenocortical cells, 
which in turn results in a decreased number of 
hormone receptor sites, subsequently leading to a 
decreased ability to respond to ACTH. Adrenal insuf- 
ficiency followed by atrophy is due to the lack of 
response to ACTH. 



18.4 Therapy 

In treating patients with a disorder of peroxisome 
biogenesis, first of all supportive care is essential. In 
addition, it would seem rational to try to compensate 
as far as possible for the biochemical abnormalities 
that have been brought about by the peroxisomal dys- 
function. Treatment would include oral supplementa- 
tion of ether lipids and bile salts and dietary restric- 
tion of very-long-chain fatty acids and phytanic acid. 
The treatment has so far not resulted in definite clin- 
ical improvement or prolongation of life. Treatment 
with docosahexaenoic acid ethyl ester has been advo- 
cated on the basis of improvement of biochemical 
parameters and some neurological improvement in 
treated children. The rationale of the treatment is the 
observation of severe docosahexaenoic acid deficien- 
cy in tissues of children with disorders of peroxiso- 
mal biogenesis, while this substance is known to be an 
important constituent of brain membrane phospho- 
lipid and of photoreceptor cells. So far, the results of a 
controlled trial are lacking. 

Administration of clofibrate fails to induce liver 
peroxisomes in ZS patients. Administration of 4- 
phenylbutyrate, a human peroxisome proliferator, 
increased the number of peroxisomes in fibroblasts of 
patients with a peroxisome biogenesis disorder (Wei 
et al. 2000). In NALD and IRD fibroblasts, but not in 
ZS fibroblasts, there was an increase in very-long- 
chain fatty acid p -oxidation and plasmalogen con- 
centrations, and a decrease in very-long-chain fatty 
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acid concentrations. These data suggest that pharma- 
cological agents that induce peroxisome proliferation 
may have a therapeutic potential in the treatment of 
patients with milder variants of peroxisome biogene- 
sis defects. 

The problem of any therapeutic trial in the disor- 
ders of peroxisomal biogenesis is that the dysontoge- 
netic abnormalities cannot be changed by treatment 
and that only the degenerative changes acquired post- 
natally can, hopefully, be prevented. 



18.5 Magnetic Resonance Imaging 

In ZS the migrational derangement is well depicted 
by MRI. A very characteristic abnormality is the peri- 
sylvian polymicrogyria, which appears as a thickened 
cortical mantle consisting of many little dots 
(Figs. 18.1-18.3). The dots are cross-sections of the 
microgyri. The polymicrogyric cortex merges with 



pachygyric cortex in the frontoparietal region 
(Figs. 18.1 and 18.2). The pachygyric cortex is visual- 
ized as broad convolutions of mildly thickened cor- 
tex. The cortex bordering the interhemispheric fis- 
sure and the occipital cortex are relatively normal. 
The gyral abnormalities are very extensive and seri- 
ous in exceptional cases (Fig. 18.1). Small dots of ec- 
topic gray matter may also be seen under the cortex 
and in the subependymal region (Figs. 18.2 and 18.3). 
The ventricular system is mildly enlarged and tends 
to have a primitive form with mildly enlarged occipi- 
tal horns, which have a squared-off configuration. 
The ventricles are rarely markedly enlarged. Germi- 
nolytic cysts are often seen in the caudatothalamic 
groove in the early stages (Figs. 18.1 and 18.3). The 
corpus callosum is thin. The width of the white mat- 
ter is reduced. Myelination is delayed and may be 
patchy, consistent with a disturbed myelination. 

In NALD, CT has been shown to reveal progressive 
white matter hypodensities, particularly in the peri- 




Fig. 18.1. Sagittal {first row) and axial {second row) T 2 -weighted images in a neonate with ZS.The lateral aspects of the brain are 
diffusely pachygyric and polymicrogyric. The sylvian fissure is wide open. Note the huge subependymal cysts on both sides. 
(Courtesy of Dr. M.A. Breukels, Department of Pediatrics, and Drs. J. P. Wester h of and F. Kok, Department of Radiology, Elkerliek 
Hospital, Helmond,The Netherlands) 
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Fig. 18.2. Axial T 2 -weighted images in a 3-month-old boy 
with a PEX1 defect and the typical clinical course of ZS.The im- 
ages show some ventricular enlargement. Myeli nation is 
sparse. In the frontal area the gyri are too coarse (pachygyria), 



whereas polymicrogyria is present in the perisylvian region. 
There are several minor neuronal heterotopias in the periven- 
tricular region. The cerebellar vermis is hypoplastic 



ventricular area, centrum semiovale, and cerebellum. 
The presence of extensive contrast enhancement in 
centrum semiovale, internal capsules, and cerebral 
peduncles has been reported. MRI may either show 
evidence of polymicrogyria in the area of the sylvian 
fissure (Fig. 18.4) or fail to show evidence of gyral 
abnormalities (Fig. 18.5). When demyelination starts, 
the earliest changes are seen in the cerebellum, in- 
volving both the hilus of the dentate nucleus and the 
peridentate white matter (Figs. 18.4 and 18.5). Other 
structures that become involved are brain stem tracts, 
in particular the pyramidal tracts, the posterior limb 
of the internal capsule, and the posterior cerebral 
white matter more than the anterior white matter 
(Figs. 18.4 and 18.5). On sequential MRI, the abnor- 
malities are rapidly progressive. 



In IRD MRI is normal in some patients, but is ab- 
normal in others. MRI does not show migrational ab- 
normalities. Symmetrical abnormalities in signal in- 
tensity may be seen in the hilus of the dentate nuclei 
and peridentate cerebellar white matter (Fig. 18.6). 
These seem to be the first and sometimes the only ab- 
normalities present. Patchy, ill-defined abnormalities 
may be seen in the periventricular cerebral white 
matter (Fig. 18.6). The abnormal white matter merges 
into the normal white matter without sharp demarca- 
tion. The corpus callosum and posterior limb of the 
internal capsule may also be involved. There is no 
contrast enhancement. The white matter abnormali- 
ties may be slowly progressive over time, not neces- 
sarily associated with clinical decline. Profound cere- 
bral and cerebellar atrophy may occur (Fig. 18.7). 
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Fig. 18.3. A 1 -week-old baby boy with ZS, related to a PEX1 
mutation. The upper row ("IVweighted sagittal images) shows 
a thin corpus callosum, a hypoplastic vermis, and a sub- 
ependymal cyst in the thalamocaudate notch. The sylvian fis- 
sure has a more vertical orientation than normal and is bor- 
dered by polymicrogyric cortex. The axial T 2 -weighted images 



show mildly enlarged lateral ventricles and absence of a large 
part of the vermis with an abnormally shaped fourth ventricle. 
The gyral deformity is most marked in the region of the sylvian 
fissure, with a combination of pachygyria and polymicrogyria. 
The left image of the third row shows a germinolytic cyst over 
the caudate nucleus and some blood in the occipital horns 
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Fig. 1 8.4. A 2-year-old boy with a PEX5 defect and progressive 
neurological deterioration with death at the age of 2.8 years. 
The images show white matter abnormalities in the hilus of 
the dentate nucleus, the cerebellar hemispheric white matter, 



and the posterior cerebral white matter. The cortex in the area 
of the sylvian fissure appears mildly dysplastic with evidence 
of some polymicrogyria. Courtesy of Dr. P.G. Barth [Barth et al. 
2001 (patient 3), 2004 (patient 4), with permission] 
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Fig. 18.5. A 2.5-year old girl with a PEX5 defect and progres- 
sive neurological deterioration who died at the age of 3 years. 
The images show signal abnormalities in the hilus of the den- 
tate nucleus, the cerebellar hemispheric white matter, pyrami- 



dal tracts of the brain stem, and the posterior and central cere- 
bral white matter. There is no evidence of cortical dysplasia. 
Courtesy of Dr. P.G. Barth [Barth et al. 1990, 2004 (patient 1), 
with permission] 
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Fig. 1 8.6. A 1 0.5-year-old boy with a PEX1 defect and a stable 
clinical course. Note the signal abnormalities in the hilus of the 
dentate nucleus, the corticospinal tracts at the level of the 
midbrain, the posterior limb of the internal capsule, the poste- 



rior cerebral white matter, and splenium of the corpus callo- 
sum. Apart from the hilus of the dentate nucleus, the signal 
changes are mild and poorly demarcated. Courtesy of Dr. P.G. 
Barth [Barth etal.2004 (patient 13), with permission] 
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Fig. 18.7. T 2 -weighted images of a 14-year-old boy with a white matter, extending into the arcuate fibers.Thehilus of the 

PEX1 defect and a very slow downhill course.The images show dentate nucleus is abnormal in signal. Courtesy of Dr. P.G. Barth 

dilated ventricles and cerebral and cerebellar atrophy and [Barth etal. 2004 (patient 1 1), with permission] 
widespread signal abnormalities in the atrophic cerebral 



Chapter 19 

Peroxisomal D-Bifunctional Protein Deficiency 



19.1 Clinical Features 

and Laboratory Investigations 

A limited number of patients have been described 
with isolated D-bifunctional protein deficiency 
(BPD), a disease with an autosomal recessive mode of 
inheritance. The children show severe CNS involve- 
ment with profound hypotonia from birth onwards. 
There are minimal spontaneous movements and the 
neonatal reflexes are depressed. Feeding problems are 
usually prominent. In most children dysmorphic 
features are present with high forehead, large open 
fontanel, flat nasal bridge, low-set ears, high-arched 
palate, and micrognathia, similar to the facial charac- 
teristics seen in patients with generalized peroxiso- 
mal dysfunction. Some infants have macrocephaly. 
Joint contractures may be present. Most patients 
suffer from severe epilepsy from the beginning and 
seizures are often uncontrollable. Psychomotor de- 
velopment is severely delayed and most patients 
fail to acquire any significant developmental mile- 
stones. Some patients have ocular abnormalities, 
including glaucoma, optic atrophy, pigmentary reti- 
nal degeneration, and cataract. Auditory dysfunction 
is present in some. Hepatomegaly is found in some of 
the patients. Adrenocortical insufficiency is manifest 
in few children. Death occurs most often between 
4 and 12 months of age, but some patients survive a 
few years. 

EEG is severely abnormal with epileptic dis- 
charges. BAEP findings are often abnormal. Nerve 
conduction velocities are normal. Skeletal X-ray sur- 
vey is often normal, but calcific stippling of some 
joints may be seen. Renal ultrasound is normal. 

Laboratory investigations reveal signs of adrenal 
insufficiency in some of the patients. In all patients 
very-long-chain fatty acids are elevated in plasma and 
fibroblasts. The plasma levels of bile acid intermedi- 
ates (dihydroxycholestanoic acid and trihydroxy- 
cholestanoic acid) and pristanic acid may also be 
elevated, but not in all patients. When pristanic acid is 
elevated, phytanic acid is usually also elevated, 
although much less seriously and with an increase in 
pristanic to phytanic acid ratio. Plasma pipecolic acid 
and the de novo plasmalogen synthesis in fibroblasts 
are normal. A D-bifunctional protein deficiency is 



demonstrated and mutations are found in the D-BP 
gene. Prenatal diagnosis is possible by measuring D- 
bifunctional protein activity in chorionic villus sam- 
ples and, if the molecular defect has been resolved in 
the index patient, by DNA analysis. 



19.2 Pathology 

Postmortem examination of the brain reveals the 
brain to be relatively large. A combination of mal- 
formative and destructive abnormalities is usually 
found. Polymicrogyria is present in most but not all 
patients, in particular involving the lateral aspects of 
the brain in the area of the sylvian fissure. Scattered 
heterotopic neurons may be found in the centrum 
semiovale, the subcortical white matter, and cerebel- 
lar white matter. Mild dysplasia of the inferior olivary 
nucleus is noted. In addition, lack of stainable myelin 
is found in the cerebral and cerebellar white matter, 
probably partially related to a disturbance of myeli- 
nation, but there is also evidence of active demyelina- 
tion. The extent of both components also depends on 
the age at death. In infants of a few months the myelin 
content of the brain may be normal. In older infants, 
an evident deficiency of myelin is seen with relative 
sparing of the arcuate fibers. The active demyelina- 
tion is most prominent in the cerebellar and occipital 
white matter. In the areas of active demyelination, 
axons are relatively spared. Lipid-filled, foamy macro- 
phages, occasionally striated, and astrocytosis are 
seen in the areas of demyelination, cerebral cortex, 
and basal nuclei. The macrophages are located in the 
perivascular spaces. Cystic degeneration of the 
periventricular white matter has been observed. In 
the spinal cord the anterior and lateral corticospinal 
tracts and dorsal spinocerebellar tracts show loss of 
axons and myelin. 

In liver, mild fibrosis is found. Electron microscopy 
of liver shows abundant peroxisomes. Additionally, 
adrenocortical atrophy is found with presence of 
lipid-containing, ballooned, striated cells. Electron 
microscopy reveals trilamellar lipid inclusions in 
these cells. Minute glomerular cysts may be seen in 
the kidney, but not in all cases. 
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19.3 Pathogenetic Considerations 

D-bifunctional protein is involved in the p -oxida- 
tion process of both very-long-chain fatty acids, 
branched-chain fatty acids, like pristanic acid, and the 
oxidation of bile acid precursors. D-bifunctional pro- 
tein has two catalytic activities: enoyl-CoA hydratase 
and 3-hydroxyacyl-CoA dehydrogenase activity. In 
some patients (group 2A), D-bifunctional protein is 
completely absent, which is associated with the loss of 
activity of both the enoyl-CoA hydratase and 3-hy- 
droxyacyl-CoA dehydrogenase components. In group 
2B patients, enoyl-CoA hydratase activity is deficient, 
whereas in group 2C 3-hydroxyacyl-CoA dehydro- 
genase activity is deficient. Group A and group C 
patients accumulate very-long-chain fatty acids, 
branched-chain fatty acids, and abnormal bile acid 
intermediates. Group B patients have elevated very- 
long-chain fatty acids and branched-chain fatty acids, 
but bile intermediates are normal, due to the normal 
3-hydroxyacyl-CoA dehydrogenase activity. 

In patients with BPD, mutations have been found 
in the gene D-BP, located on chromosome 5q23. 1 . The 
patient formerly classified as a thiolase-deficient pa- 
tient (Goldfischer et al. 1986) also has a defect in the 
D-BP gene (Ferdinandusse et al. 2002). 

It is striking that a disease caused by an isolated 
deficiency of one of the peroxisomal p-oxidation 
enzymes can have clinical symptomatology that is in- 
distinguishable from that of peroxisome biogenesis 
defects. This observation indicates the pathophysio- 
logical significance of accumulation of very-long- 
chain fatty acids and abnormal bile acid intermedi- 
ates. Evidently, the relationship between biochemical 
abnormalities and clinical symptomatology requires 
further elucidation. 



1 9.4 Therapy 

No specific treatment is possible. Supportive care is 
important. 



19.5 Magnetic Resonance Imaging 

A number of CT scans have been reported. Most were 
described as normal, some as showing white matter 
hypodensity and slight enlargement of the occipital 
horns of the ventricular system. 

MRI shows a combination of polymicrogyria, 
especially over the lateral aspects of the brain in the 
area of the sylvian fissure, and white matter abnor- 
malities (Fig. 19.1). The white matter abnormalities 
consist of delayed and disturbed myelination 
(Fig. 19.2), while in particular in the older infants 
with more advanced myelination active demyelina- 
tion occurs (Figs. 19.3 and 19.4). The demyelination is 
most pronounced in brain stem tracts and occipital 
and cerebellar white matter (Fig. 19.4). 

The combination of gyrational abnormalities and 
deficient myelination is also seen in Zellweger syn- 
drome. The combination of gyrational abnormalities 
and demyelination with predilection for the cerebel- 
lar and occipital white matter is also seen in neonatal 
adrenoleukodystrophy. In BPD no inflammatory 
reaction is seen in the area of active demyelination. 
In conformity with this observation, no contrast en- 
hancement was found on the CT of the child who had 
active demyelination at autopsy, unlike the situation 
in neonatal adrenoleukodystrophy, where extensive 
contrast enhancement is seen. 
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Fig. 19.1. Baby boy, 3 weeks old, with BPD. The sagittal T r 
weighted images show a germinolytic cyst in the thalamocau- 
date notch and polymicrogyria in the perisylvian region. The 
axial T 2 -weighted images confirm the perisylvian polymicro- 
gyria. There are possibly some small heterotopias around the 



lateral ventricles. Myeli nation is compatible with a neonatal 
stage. These images are indistinguishable from those seen in 
Zellweger syndrome. Courtesy of Dr. D. Holder, Department of 
Pediatric Neurology, Cincinnati Children's Hospital, Cincinnati 
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Fig. 19.2. Follow-up MRI of the same boy with BPD at the age the lesions in the hilus of the dentate nucleus. Courtesy of 

of 6 months. The polymicrogyria in the perisylvian region is Dr. D. Holder, Department of Pediatric Neurology, Cincinnati 

again visualized. The brain stem is now well myelinated, but Children's Hospital, Cincinnati 
there is little myelin in the supratentorial white matter. Note 




Fig. 19.3. Follow-up MRI of the same boy with BPD at the age affected. Courtesy of Dr. D. Holder, Department of Pediatric 
of 22 months. Demyelination has started in the pyramidal Neurology, Cincinnati Children's Hospital, Cincinnati 
tracts of the brain stem. The cerebellar white matter is also 
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Fig. 19.4. Follow-up MRI of the same boy with BPDattheage 
of 26 months, shortly before he died. The process of demyeli- 
nation now involves the brain stem more extensively. The 
posterior limb of the internal capsule and posterior cerebral 



white matter are also involved. Courtesy of Dr. D. Holder, 
Department of Pediatric Neurology, Cincinnati Children's Hos- 
pital, Cincinnati 



Chapter 20 

Peroxisomal Acyl-CoA Oxidase Deficiency 



20.1 Clinical Features 

and Laboratory Investigations 

A small number of patients has been described with 
isolated peroxisomal acyl-CoA oxidase deficiency. 
This autosomal recessive disease has also been re- 
ferred to as pseudo -neonatal adrenoleukodystrophy 
(pseudo-NALD), because the clinical features are very 
similar to those of neonatal adrenoleukodystrophy. 
The disease had its onset in the neonatal period with 
hypotonia and seizures. Neonatal reflexes may be ab- 
sent. Craniofacial dysmorphism may be present and 
include hypertelorism, epicanthus, low nasal bridge, 
low- set ears, and Polydactyly, but some children have 
normal features. Hepatomegaly is present in some but 
not all patients. Psychomotor development is retard- 
ed, but several motor milestones can be reached and 
children may achieve walking although delayed. They 
may learn to speak a few words. Subsequently, neuro- 
logical deterioration sets in, usually at the age of 
1-3 years, with regression of motor abilities. The hy- 
potonia gradually changes into hypertonia with hy- 
perreflexia and positive Babinski signs. The epilepsy 
may become very severe with almost continuous 
epileptic seizures. Sensorineural hearing deficit be- 
comes apparent. Whereas ophthalmological exami- 
nation initially reveals normal pupillary light re- 
sponses and normal fundi, increasing abnormalities 
are subsequently noted with nystagmus, strabismus, 
optic atrophy, tapetoretinal degeneration, and absent 
pupillary light responses. After a few years a vegeta- 
tive state is reached, followed by death. 

Neurophysiological investigations reveal increas- 
ing EEG abnormalities with epileptic discharges; the 
ERG may become flattened, and VEP may become al- 
most entirely absent. Motor and sensory nerve con- 
duction velocities are normal. Skeletal X-ray exami- 
nation and ultrasound of the kidneys are normal. 

Laboratory investigations show signs of mild liver 
dysfunction. Serum Cortisol level is low, with an in- 
creased ACTH value. In serum and fibroblasts, very- 
long-chain fatty acids (VLCFA) are elevated, but no 
increase is found in plasma levels of phytanic acid, 
pristanic acid, pipecolic acid, and bile acids like dihy- 
droxycholestanoic acid and trihydroxycholestanoic 
acid. In fibroblasts, VLCFA p -oxidation is seriously 
deficient, whereas de novo plasmalogen biosynthesis 
and other peroxisomal parameters are normal. The 
diagnosis is confirmed by measuring the activity of 



acyl-CoA oxidase in fibroblasts. DNA confirmation 
by showing mutations in the acyl-CoA oxidase gene is 
possible. Prenatal diagnosis is possible using the 
same techniques. 



20.2 Pathology 

No postmortem examination of the brain has been 
performed in patients with pseudo-NALD. Liver tis- 
sue investigations show peroxisomes to be present in 
normal or increased numbers and to be increased in 
size. 



20.3 Pathogenetic Considerations 

The biochemical findings of an isolated accumulation 
of VLCFA in the absence of abnormal bile acid inter- 
mediates are consistent with an isolated deficiency of 
fatty acyl-CoA oxidase. Bile acid intermediates have 
their own CoA oxidase, whereas bifunctional protein 
and thiolase are active for all substances p-oxidized in 
peroxisomes. The gene encoding acyl-CoA oxidase or 
palmitoyl-CoA oxidase, ACOX1, is located on chro- 
mosome 17q25. 

Two peroxisomal disorders, peroxisomal acyl-CoA 
oxidase deficiency (pseudo-NALD) and X-linked 
adrenoleukodystrophy, are characterized by an isolat- 
ed accumulation of VLCFA. It is striking that both dis- 
orders may lead to demyelination with inflammation, 
as suggested by the contrast enhancement on neu- 
roimaging. There are, however, also important differ- 
ences. Patients with acyl-CoA oxidase deficiency 
display clinical abnormalities from birth on, while 
the clinical symptoms start much later in X-linked 
adrenoleukodystrophy. In acyl-CoA oxidase deficien- 
cy, the p -oxidation of C22 unsaturated fatty acids by 
chain-shortening and the p-oxidation of dicarboxylic 
acids are deficient in addition to the oxidation of 
VLCFA, such as C24:0 and C26:0 fatty acids. In 
X-linked adrenoleukodystrophy only the p-oxidation 
of the VLCFA is deficient. These differences may be 
important in explaining the clinical differences. 
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Fig. 20.1 . A 3-year-old female patient with isolated peroxiso- 
mal acyl-CoA oxidase deficiency. Note the signal abnormalities 
in the corticospinal tracts in the brain stem and the cerebellar 



white matter. The pyramidal tracts in the posterior limb of the 
internal capsule are affected. From Suzuki et al. (2002), with 
permission 



20.4 Therapy 

No specific treatment is available. Supportive care is 
important. 



20.5 Magnetic Resonance Imaging 

In several patients CT scan of the brain was per- 
formed at birth and found to be unremarkable. No ev- 
idence of cortical malformation was seen, although 
minor or mild abnormalities in gyration and hetero- 
topias can easily be missed on CT. Repeat CT after the 
onset of neurological deterioration reveals symmetri- 
cal white matter hypodensities in the centrum semio- 
vale and the occipital area with contrast enhancement 
of the border of the lesions. The CT findings are rem- 
iniscent of those reported in neonatal adrenoleuko- 
dystrophy. 



MRI soon after the onset of neurological deteriora- 
tion shows signal abnormalities in the cerebellar 
white matter, brain stem tracts, and middle cerebellar 
peduncles (Figs. 20.1 and 20.2). On follow-up, the 
pyramidal tracts at higher levels of the brain stem and 
the posterior limb of the internal capsule become 
abnormal in signal. Subsequently signal changes 
develop in the periventricular parieto-occipital white 
matter and the splenium of the corpus callosum 
(Figs. 20.2 and 20.3), spreading outward and forward, 
finally involving also the frontal white matter. If 
contrast is administered, enhancement is expected. No 
evidence of a migrational defect has been reported. 
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Fig. 20.2. The first two rows show the images of a male patient 
with peroxisomal acyl-CoA oxidase deficiency at the age of 3 
years and 5 months.There are extensive signal abnormalities 
in brain stem tracts, middle cerebellar peduncles, and cerebel- 
lar white matter.There are incipient signal changes in the pari- 
eto-occipital white matter. The third row shows the images of 



the same patient at the age of 7 years and 1 1 months.The pos- 
terior limb of the internal capsule, parieto-occipital white mat- 
ter, and splenium of the corpus callosum now display promi- 
nent signal abnormalities. From Suzuki et al. (2002), with per- 
mission 
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Fig. 20.3. Female patient with peroxisomal acyl-CoA oxidase 
deficiency at the age of 3 years and 3 months. Tracts in the 
brain stem (especially the corticospinal tracts), cerebellar 
white matter, hilus of the dentate nucleus, posterior limb of the 
internal capsule, thalamus, parieto-occipital white matter, and 



splenium of the corpus callosum are affected. In addition, 
there is some generalized cerebral atrophy.The images resem- 
ble those of the cerebral form of X-linked adrenoleukodystro- 
phy. From Suzuki et al. (2002), with permission 



Chapter 21 

X-Linked Adrenoleukodystrophy 



21.1 Clinical Features 

and Laboratory Investigations 

X-linked adrenoleukodystrophy (XALD) is a geneti- 
cally determined disorder that mainly involves the 
adrenal cortex and the CNS. Inheritance is X-linked 
recessive. The disease has a wide phenotypic variabil- 
ity. The rapidly progressive childhood cerebral form 
accounts for about one-third of the cases. Adreno- 
myeloneuropathy (AMN) has a later onset and slower 
progression and accounts for about 40-45% of the 
patients. The relative frequency of the Addison-only 
form varies with age and accounts for up to 50 % of 
the cases in childhood. Less frequent variants include 
the adolescent and the adult cerebral forms. In addi- 
tion, there are patients with unusual presentation and 
asymptomatic patients, a common observation below 
the age of 4 years and very rare above the age of 40. 
These different phenotypes may occur all within one 
affected family. Even identical twins may display dif- 
ferent phenotypes. Females may also be affected, es- 
pecially when they become older. The minimum fre- 
quency of males with the defect has been estimated to 
be 1:42,000 in the USA, whereas the minimum fre- 
quency of males with the defect and female carriers is 
estimated to be 1:16,800 (Bezman et al. 2001). 

In the childhood cerebral form of XALD, the age at 
onset of neurological symptoms is usually between 5 
and 9 years. Features of adrenal insufficiency may oc- 
cur before overt neurological symptoms or may fol- 
low. In some cases a diagnosis of Addison disease is 
made 1-3 years before any neurological disorder is 
evident on the basis of increased pigmentation, fa- 
tigue, episodes of vomiting, or catastrophic reactions 
to intercurrent infections. In others, neurological de- 
terioration may continue for some years without en- 
docrine symptoms, and sophisticated investigations 
are needed to reveal evidence of adrenocortical dys- 
function. Adrenocortical dysfunction is present in at 
least 80 % of the patients. 

The earliest neurological symptoms are often 
vague and frequently consist of behavioral changes. 
The changes vary from withdrawn to bizarre hyper- 
active and aggressive behavior and are often accom- 
panied by poor school performance. Many boys re- 
ceive psychiatric treatment until deteriorating learn- 
ing capabilities and other neurological symptoms 
force recognition of the organic nature of the disease. 
Early neurological abnormalities are disturbances of 



gait, loss of vision, and impaired auditory discrimina- 
tion. The course of the disease is relentlessly progres- 
sive and spastic tetraplegia and dementia become 
manifest in months. Decreased vision is caused by op- 
tic atrophy or bilateral occipital white matter lesions 
or, more often, a combination of the two. Initially, 
neurological findings are often asymmetrical with 
hemiparesis or hemianopia. Frequently noted subse- 
quent problems are dysarthria, dysphagia, and hear- 
ing loss. Cerebellar ataxia or sensory disturbances 
may be present, but are not usually prominent. There 
are no clinical signs of peripheral nerve dysfunction. 
Progressive dementia occurs. Epileptic seizures occur 
and are often multifocal in origin. The pace of deteri- 
oration is variable. In the final stage a spastic quadri- 
plegia is present and a variable degree of decorticate 
posturing. The affected boys are blind, deaf, and 
mute. A vegetative state or death is reached in 1-5 
years. Most patients die within 2 or 3 years after the 
onset of neurological symptoms, but some live for 
many years in a vegetative state. However, some pa- 
tients stabilize for years in an earlier stage of the dis- 
ease. 

The adolescent (onset at 10-21 years) and adult 
(onset after 21 years) cerebral forms resemble the 
childhood cerebral form, except for the later onset. 
Just like the childhood from, the adolescent and adult 
cerebral forms have a rapidly progressive course. The 
disease is often misdiagnosed. It may present as a psy- 
chosis or dementing illness, or as a single focal brain 
lesion that can be mistaken for a tumor. 

The usual age at onset of AMN is within the third 
or fourth decade, but ranges from 14 to 60 years. Most 
patients with an adult onset form of XALD have 
AMN. Neurological deficits are primarily due to a 
myelopathy and to a lesser extent a neuropathy. Af- 
fected males have a slowly progressive paraparesis, 
disturbed vibration sense of the legs, voiding distur- 
bances, and a variable degree of sexual dysfunction. 
Signs of a distal polyneuropathy may also be found. 
Approximately two-thirds of the patients have overt 
or biochemical signs of adrenocortical insufficiency, 
which may precede or follow neurological dysfunc- 
tion. Twenty percent of the patients have signs of hy- 
pogonadism with infertility. Many patients have 
scanty scalp hair. The disease is slowly progressive 
over decades. About half of the patients with AMN de- 
velop some cerebral involvement, with usually mild 
cognitive dysfunction. Visual memory, spatial cogni- 
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tion, and psychomotor speed are affected most. Psy- 
chological dysfunction may also occur, with emotion- 
al disturbances and depression. About 20% of the pa- 
tients with AMN develop a rapidly progressive cere- 
bral white matter involvement as seen in the cerebral 
forms of XALD. 

In the Addison-only form no neurological dys- 
function is found. However, all patients are at risk of 
developing overt neurological symptoms sooner or 
later. Some patients develop Addison disease in child- 
hood and neurological abnormalities only arise in 
adulthood. 

The asymptomatic group includes males in whom 
the typical biochemical abnormalities of XALD are 
found and who are completely healthy. Most of the 
males included in this group are small boys who were 
investigated because of clinically evident XALD in an 
older brother. The group also includes adolescents 
and a few older males. The oldest asymptomatic male 
ever mentioned was 62 years old. 

There are a few patients with unusual forms of 
XALD. Patients have been reported with predomi- 
nantly cerebellar ataxia or a spinocerebellar syn- 
drome. One patient, aged 57 years, has been reported 
who showed rapid neuropsychiatric deterioration 
and signs of cerebral demyelination at the site of a se- 
vere cerebral contusion suffered several months pre- 
viously. Cerebral XALD presents rarely as an acute 
encephalopathy with seizures, status epilepticus, 
headache, vomiting, lowering of consciousness, or 
even coma. Papilledema may be seen. The presence of 
fever may suggest encephalitis. After this acute 
episode, the patient recovers with temporary en- 
cephalopathic signs, which resolve in the course of 
days and weeks. 

Female XALD carriers may also develop clinical 
problems. Most women below the age of 30 years are 
uninvolved. The percentage of females with neurolog- 
ical problems increases with age. Approximately 50% 
of the female carriers of 40 years and older display 
signs of a mild myelopathy with increased tendon re- 
flexes and distal sensory changes in the legs, but no or 
mild disability. About 15% of the females of 40 years 
or older have an AMN-like clinical phenotype, but 
with later onset and milder symptomatology. Cere- 
bral involvement and adrenocortical insufficiency are 
very rare among female carriers at all ages. Cerebral 
involvement is exceedingly rare in childhood and 
then probably related to skewed, highly unfortunate X 
inactivation or a partial deletion of one X chromo- 
some and a mutated gene on the other chromosome. 
Some older female carriers have mild intellectual im- 
pairment, which is only detected by detailed psycho- 
logical tests. An adult female has been described with 
a lethal cerebral leukodystrophy. 

Laboratory testing usually reveals signs of adreno- 
cortical dysfunction. Urinary excretion of 17-hydroxy- 



corticosteroids and 17-oxysteroids may be reduced. 
Further evidence for primary adrenocortical insuffi- 
ciency is found in impaired Cortisol responsiveness to 
adrenocorticotropic hormone (ACTH) in the pres- 
ence of elevated baseline ACTH levels. Evidence of 
primary testicular insufficiency is provided by low 
testosterone levels and elevated luteinizing hormone 
(LH) or follicle stimulating hormone (FSH) levels. 
CSF protein is elevated in the majority of the sympto- 
matic patients, sometimes combined with an eleva- 
tion of y-globulin level or moderate increase in lym- 
phocytes. 

Diagnosis of XALD depends upon the demonstra- 
tion of abnormally high levels of saturated very-long- 
chain fatty acids (VLCFA) in plasma, cultured skin 
fibroblasts, or tissue. For routine purposes plasma 
is used. The concentration of C26:0 fatty acids is in- 
vestigated as well as the ratios of C26:0/C22:0 and 
C24:0/C22:0 fatty acids. In over 90% of XALD patients 
all three parameters are abnormally elevated. In a mi- 
nority of the patients only one or two of the three pa- 
rameters are abnormal. VLCFA analysis and C26:0 
fatty acid p -oxidation measurements in cultured skin 
fibroblasts are used for definite diagnosis. Patients 
with XALD already show the characteristic elevations 
in blood VLCFA during the first 2 weeks of life and 
even in cord blood. 

Neurophysiological investigations are often used 
to establish the extent of disease in XALD. Nerve con- 
duction studies usually show a normal conduction 
velocity in cerebral forms, but may also show a de- 
creased velocity. In AMN the conduction velocity is 
decreased. In cerebral forms of ALD the EEG is as a 
rule abnormal, although nonspecifically, with diffuse 
slowing of the rhythm and a maximum usually in the 
posterior regions. Evoked potential studies may show 
abnormalities reflecting the central white matter in- 
volvement. 

Investigation of the level of VLCFA is also a sensi- 
tive test in carrier detection: 85 % of heterozygotes 
can be identified when the results of VLCFA assays in 
plasma and cultured fibroblasts are combined. Con- 
sequently, about 15% of the female carriers have false 
negative test results. Monoclonal antibodies have 
been raised against the XALD gene product (ALD 
protein, ALDP) and use of these antibodies in im- 
munofluorescence studies of cultured skin fibroblasts 
or leukocytes may aid in the identification of het- 
erozygous females, in particular when VLCFA con- 
centrations in plasma and fibroblasts are normal. In 
70-80 % of the affected kindreds affected boys and 
men lack ALDP immunoreactivity; female carriers in 
these kindreds show a mixture of positive and nega- 
tive immunoreactivity in their cells. Antenatal diag- 
nosis can be established by measuring VLCFA in cul- 
tured amnio cytes and chorionic villi, by measuring 
the activity of peroxisomal p -oxidation, and im- 
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munofluorescence analysis of ALPD. DNA techniques 
can also be used for carrier detection and prenatal 
diagnosis. A problem in genetic counseling and pre- 
natal diagnosis is that the demonstration of the bio- 
chemical defect does not provide information about 
whether the patient will develop severe childhood 
XALD or the milder AMN. 



21.2 Pathology 

At autopsy the surface of the brain of a patient with 
cerebral XALD is either normal or shrunken, depend- 
ing on the degree of tissue loss. The central white mat- 
ter is grayish and indurated, sometimes cystic and 
cavitated. The thickness of the cortex is normal. The 
atrophic external appearance is, if present, secondary 
to loss of white matter. In cases of extensive loss of 
myelin the ventricular system is enlarged. 

The pathological abnormalities are the same for 
childhood, adolescent, and adult cerebral XALD and 
consist of widespread demyelination of the white 
matter. The demyelinating lesion constitutes one 
large area extending across the corpus callosum and 
involving both hemispheres. In most cases of cerebral 
XALD the demyelinating process starts in the spleni- 
um of the corpus callosum and spreads bilaterally to 
the occipital region. Gradually the process spreads 
outwards and forwards as a confluent lesion until 
most of the cerebral white matter is involved. The 
frontal white matter is generally affected less severely 
and often asymmetrically. The subcortical U fibers 
are preserved until a far- advanced stage, and usually 
the U fibers in the occipital area are affected before 
those elsewhere. Other areas of the brain that are usu- 
ally heavily involved are the fornix, the hippocampal 
commissure, the posterior limb of the internal cap- 
sule, the lateral two-thirds of the cerebral peduncles 
including the occipitoparietotemporopontine and 
pyramidal tracts, and the lateral lemniscus. In some 
patients the cerebellar white matter is involved, some- 
times the cerebellar peduncles as well. In a smaller 
portion of the patients with cerebral XALD the de- 
myelination starts bilaterally in the frontal area, also 
involving the anterior part of the corpus callosum. In 
these cases the anterior limb of the internal capsule 
and the medial third of the cerebral peduncles con- 
taining the frontopontine tracts are affected. In a few 
patients the demyelinating lesions are highly asym- 
metrical. 

Within the white matter lesion three zones can be 
distinguished on histopathological examination. The 
outer zone shows evidence of active destruction of 
myelin with axonal sparing. Scattered PAS-positive 
and sudanophilic macrophages are present. The 
middle zone shows signs of active inflammation with 



marked perivascular mononuclear cell infiltration. 
This zone contains many large ballooned macro- 
phages laden with lipids. There are many preserved 
demyelinated axons and little myelin remains. The 
large central area is destroyed and burnt out. There is 
no evidence of an active process. Axons, myelin 
sheaths, and oligodendroglia are absent. There are 
few lymphocytes and only occasional macrophages 
surrounding blood vessels. This area is filled with a 
dense mesh of glial fibrils and scattered astrocytes. 
Sometimes cavitation or calcium depositions are seen 
in this area. 

In the brain stem and spinal cord degeneration of 
the tracts appears to proceed at the same rate 
throughout, with no evidence of a dying-back phe- 
nomenon. Here too the demyelinating process occurs 
in a continuous fashion. No small independent foci of 
demyelination are seen. Perivascular accumulations 
of inflammatory cells may well be noted. 

The cy to architecture of the cerebral cortex is nor- 
mal. Only in more advanced cases may neuronal loss 
and gliosis be seen, especially in the deeper cortical 
layers. The cerebral cortical damage is mainly found 
in the occipital region where the demyelinating lesion 
may not spare the U fibers and may be contiguous 
with the deep layers of the cortex. 

Electron microscopic examinations show that 
many macrophages and microglia contain distinctive 
cytoplasmic inclusions, consisting of linear lamellae. 
An individual lamella has a trilaminar structure, con- 
sisting of paired electron-dense leaflets separated by 
an electron-lucent space. These trilamellar structures 
are often closely associated with lipid droplets. They 
are not found in oligodendroglia or astrocytes. In 
addition, macrophages contain myelin debris. 

Microscopic examination of peripheral nerves 
reveals either no abnormalities or demyelination. On 
ultrastructural examination abnormal cytoplasmic 
inclusions may be seen in Schwann cells and in en- 
doneurial macrophages. These inclusions have the 
characteristic linear, trilamellar appearance. 

Pathological studies in AMN demonstrate bilater- 
al, usually symmetrical, long tract degeneration in the 
spinal cord with most prominent involvement of the 
corticospinal and dorsal tracts. The distribution of 
the degeneration of these tracts conforms to a dying- 
back pattern in that the greatest loss of myelinated 
fibers is found in the cervical dorsal tracts and the 
lumbar corticospinal tracts. Axonal loss is equal to or 
greater than myelin loss. The above findings provide 
strong evidence for primary axonal degeneration. 
There are no inflammatory cells. Microglia are in- 
creased in numbers and appear the dominant re- 
sponding cells. Dorsal ganglion cells are not de- 
creased in numbers but are decreased in size. Periph- 
eral nerves display both axonopathic and myelino- 
pathic features. In Schwann cells and macrophages 
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the typical trilamellar inclusions are present. There 
are no inflammatory cells. 

The cerebral involvement in AMN is highly vari- 
able. In most AMN patients, patchy, poorly defined, 
small areas of demyelination are scattered through- 
out the cerebral hemispheres, with relative or total ax- 
onal sparing, activation of microglia, presence of stri- 
ated macrophages with trilamellar inclusions, and ab- 
sence of inflammatory cells. In some patients, moder- 
ate diffuse demyelination is observed in the cerebral 
white matter and to a lesser extent the cerebellar 
white matter, with sparing of the U fibers and without 
inflammation. Still others display inflammatory de- 
myelinating lesions with axonal loss, qualitatively 
similar to cerebral XALD but much more localized. 
Some AMN patients develop the cerebral form of 
XALD with rapidly progressive inflammatory de- 
myelination. In addition to these inflammatory de- 
myelinating lesions, AMN patients also demonstrate 
noninflammatory, bilateral, fairly symmetrical le- 
sions with comparable loss of axons and myelin 
sheaths, involving most often the brain stem corti- 
cospinal and spinocerebellar tracts, medial and later- 
al lemnisci, cerebellar peduncles, posterior limb of 
the internal capsule, and the optic radiations. 

The adrenal glands in XALD show gross atrophy of 
the cortex, the medulla being normal. The zona retic- 
ularis and zona fasciculata are particularly affected 
with ballooned cortical cells, in which a striated ap- 
pearance of the cytoplasm may be seen. These striat- 
ed cells are specific for XALD. Ultrastructurally the 
striations are shown to consist of linear, trilamellar 
accumulations within the adrenal cortical cell cyto- 
plasm. Lymphocytic infiltrates are found in a minori- 
ty of the patients. Light microscopic examination of 
the testis often reveals no abnormalities, although ful- 
ly developed Leydig cells may be lacking. Interstitial 
cells, presumptive Leydig cell precursors, may contain 
the characteristic trilamellar profiles. In all tissues, 
the morphology of peroxisomes is normal. 



for regions with different stages of myelin breakdown 
in the cerebral form of XALD. In morphologically 
normal white matter, subtle changes in lipid composi- 
tion are found. Phospholipids are increased, whereas 
galactolipids and cholesterol are slightly decreased. 
Only traces of cholesterol esters are found in histolog- 
ically intact white matter. The fatty acid composition 
of cholesterol esters, cerebroside, and sulfatide in in- 
tact white matter is relatively normal, whereas phos- 
pholipids in the same area contain increased VLCFA, 
with the most striking increase in VLCFA in phos- 
phatidylcholine. A moderate increase in VLCFA is 
seen in gangliosides. The area of active demyelination 
shows major changes in lipid composition. The water 
content is increased, the amount of total lipids is de- 
creased, and there is a large increase in cholesterol es- 
ters, whereas unesterified cholesterol is severely de- 
creased. Galactolipids are decreased, whereas phos- 
pholipids are stable as a proportion of total lipids. 
The fatty acid composition of cerebroside and sul- 
fatide shows a slight elevation in VLCFA, whereas the 
VLCFA content of phospholipids, gangliosides, and 
cholesterol esters is greatly increased. The most strik- 
ing rise in VLCFA among the phospholipids is seen in 
phosphatidylcholine and sphingomyelin. In the area 
of gliosis, the amount of remaining lipids is small, and 
the water content is high. The amount of galactolipids 
is relatively very low, whereas phospholipids and cho- 
lesterol are low in absolute content but constitute a 
relatively normal proportion of total lipids. Choles- 
terol esters are present in small but measurable 
amounts. Significant amounts of triglycerides and 
free fatty acids can also be measured. In gliotic tissue 
the VLCFA content of cerebroside, sulfatide, and 
phospholipids is barely elevated, whereas the VLCFA 
content of gangliosides and cholesterol esters is mild- 
ly to markedly elevated. 

The adrenal and testicular content of cholesterol 
esters is abnormally high. The cholesterol esters 
contain an abnormally elevated amount of saturated 
VLCFA. 



21.3 Chemical Pathology 

XALD is a lipidosis, in which accumulation of saturat- 
ed VLCFA occurs in all tissues, especially in CNS 
white matter, peripheral nerve, adrenal cortex, and 
testis. Substantial quantities of these VLCFA are de- 
posited as cholesterol esters, which appear as the 
characteristic lamellated cytoplasmic inclusions. 
These VLCFA vary in chain length from C23 to C32 
with a peak at C25-C26. Several other lipids also con- 
tain an increased percentage of saturated VLCFA. 
These increases in VLCFA are found in cerebral 
XALD, AMN, and female carriers. 

The changes in lipid composition of myelin and 
whole white matter have been investigated separately 



21 .4 Pathogenetic Considerations 

XALD is caused by mutations in the gene ABCD1, 
which is located on chromosome Xq28 and encodes 
ALDP, a peroxisomal ATP-binding cassette trans- 
membrane transporter. A great number of different 
mutations have been identified. No consistent corre- 
lation between genotype and phenotype has been 
demonstrated. 

The disease is biochemically characterized by ele- 
vated VLCFA due to reduced VLCFA p-oxidation. The 
first step in the p-oxidation of VLCFA is conversion of 
fatty acid to fatty acyl-CoA, catalyzed by the enzyme 
VLCFA-CoA synthase or ligase, present on the perox- 
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isomal membrane. The enzyme is more specifically 
called lignoceroyl- or hexacosanoyl-CoA synthase or 
ligase. The relation between ALDP and VLCFA-CoA 
ligase is still elusive. ALDP is not necessary for the im- 
port of this enzyme into peroxisomes or the import of 
VLCFA into peroxisomes. The reason for impaired 
VLCFA p-oxidation in XALD has yet to be found. A 
recent hypothesis assumes that ALDP facilitates the 
interaction between peroxisomes and mitochondria, 
and that ALDP deficiency leads to impaired p-oxida- 
tion in mitochondria. The repeated observation of 
structural mitochondrial abnormalities in XALD tis- 
sues, including lipid inclusions in mitochondria, is an 
argument in favor of this hypothesis. 

The impaired degradation of VLCFA leads to en- 
richment of these fatty acids in various lipids at the 
expense of the normally degraded short-chain fatty 
acids. The accumulating fatty acids are saturated and 
have a chain length varying between C24 (lignoceroyl 
acid) and C32 with a peak at C26 (hexacosanoic acid). 
VLCFA are derived both from the diet and from en- 
dogenous synthesis by a microsomal system that 
elongates long-chain fatty acids. There is evidence 
that in XALD, not only p-oxidation of VLCFA is de- 
creased, but fatty acid chain elongation activity is al- 
so elevated, contributing to the accumulation of VL- 
CFA. It has been shown that the addition of monoun- 
saturated fatty acids to culture medium has a dramat- 
ic effect in lowering the content of VLCFA in XALD 
fibroblasts. These monounsaturated fatty acids ap- 
pear to inhibit the synthesis of VLCFA without having 
any effect on the degradation of VLCFA. 

The exact mechanisms by which nervous tissue 
damage occurs are still unknown. There is a funda- 
mental difference between the inflammatory de- 
myelinative lesions seen in the white matter of 
patients with cerebral XALD and the axonopathic 
lesions seen in patients with AMN and AMN-like phe- 
notypes. Both biochemical and immunological mech- 
anisms may be important in the pathogenesis of the 
lesions. The greater length of the aliphatic chain caus- 
es VCLFA to be extremely insoluble. Abnormally high 
VLCFA levels alter membrane physiological proper- 
ties and functions. Increasing levels of VLCFA in 
membranes may result in instability and breakdown 
of the membranes, leading to noninflammatory 
myelin loss and axonal degeneration, as seen in AMN. 
The destruction of adrenocortical cells, Leydig cells, 
and Schwann cells is also noninflammatory and may 
be related to the toxic effects of VLCFA. The rapidly 
progressive demyelination with a marked inflamma- 
tory reaction suggests additional immunological 
pathogenetic mechanisms in cerebral XALD. Further 
evidence for a role of immunological mechanisms is 
found in the occasional presence of signs of intrathe- 
cal immunoglobulin production, increased levels of 
IgA and IgG in XALD tissues, and high levels of 



myelin antibodies in serum of XALD patients. Tumor 
necrosis factor-alpha (TNF-a), a proinflammatory 
cytokine thought to be responsible for tissue damage 
in inflammatory brain disorders including multiple 
sclerosis, is expressed in astrocytes and macrophages 
at the active edge of the lesion. Reactive astrocytes, 
macrophages, and T lymphocytes are the most preva- 
lent cellular elements. Most lymphocytes are CD8- 
positive cytotoxic T cells. CD1 molecules, which play 
major roles in lipid antigen presentation, have been 
found to be present, most conspicuously in the acute 
inflammatory lesions. It is hypothesized that the pri- 
mary biochemical abnormality in XALD, i.e. the ab- 
normal accumulation of VLCFA, leads to membrane 
instability and breakdown, leading to liberation of 
VLCFA- containing moieties, which may be antigenic 
and elicit an immune response. Not only peptide anti- 
gens, but also lipid antigens may play a key role in the 
pathogenesis of inflammatory demyelination in cere- 
bral XALD. Lipids containing an abnormally high 
proportion of VLCFA may stimulate nearby astro- 
cytes, microglia, and macrophages to initiate a cyto- 
kine cascade resulting in further myelin destruction 
by T cells, B cells, and complement. This two-stage hy- 
pothesis explains why the zone of active inflamma- 
tion in cerebral XALD is found behind the zone of ac- 
tive demyelination. This location of the inflammation 
contrasts with the situation in multiple sclerosis, in 
which the inflammation is most intense at the edges 
of the lesion, with little or no inflammatory response 
in the inner zones of the lesion. Others hypothesize 
that accumulation of VLCFA in membrane domains 
associated with signal transduction pathways may 
trigger inflammatory processes through activation of 
microglia and astrocytes, resulting in loss of myelin. 

Adrenal cortical cells, Leydig cells, and Schwann 
cells are also involved in the disease process. They ac- 
cumulate VLCFA incorporated in cholesterol esters in 
the form of lamellar cytoplasmic inclusions. A cyto- 
toxic pathogenesis has been proposed for the adren- 
al, testicular, and Schwann cell lesions. Furthermore, 
it has been shown that accumulation of VLCFA in 
adrenal cortical cell membranes leads to increased 
membrane microviscosity and can interfere with 
ACTH responsiveness. Impaired ACTH receptor 
function has been found, probably contributing to the 
adrenocortical insufficiency. It is noteworthy that the 
destruction of these cells is accompanied by little or 
no inflammation. 

All phenotypic variants of XALD have the same 
basic defect and all variants may occur within the 
same family. No differences in fatty acid abnormality 
could be established in fibroblasts, erythrocyte mem- 
branes, or blood in repeated investigations. There is 
evidence for an autosomal modifier gene, which 
would explain the phenotypic variability of XALD 
within pedigrees. This modifier gene probably modu- 
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lates the immune response, considering the marked 
difference in immune reaction between cerebral 
XALD and AMN. It is likely that environmental fac- 
tors may also influence the phenotype, as disparate 
phenotypes can be seen in sets of identical twins. 

Many female heterozygotes suffer from a late-on- 
set, slowly progressive neurological disorder. Inacti- 
vation of one of the two X chromosomes in female so- 
matic cells is considered to be a random process. 
However, there is some evidence that, in XALD carri- 
er females, selection mechanisms favor cells express- 
ing the mutant allele rather than cells expressing the 
normal allele. This observation may explain the rela- 
tively frequent occurrence of symptoms in female 
carriers. There is also evidence that skewing of X in- 
activation is an important factor in determining the 
severity of disease manifestations in female XALD 
carriers. 



21.5 Therapy 

First and foremost, family counseling, carrier detec- 
tion, and prenatal diagnosis are important in prevent- 
ing the occurrence of further cases in known families. 

Symptomatic care is essential. Hormonal substitu- 
tion is necessary to correct the adrenocortical insuffi- 
ciency, if present. Testosterone administration can be 
of help in AMN patients who have testicular insuffi- 
ciency. Psychiatric care may be necessary, in particu- 
lar in adult patients with cerebral XALD. 

An important difference between cerebral XALD 
and the more benign AMN is in the presence or ab- 
sence of an inflammatory response. Various modes of 
immunosuppression and immunomodulation have 
been tried in order to influence the inflammatory 
reaction, including the use of steroids, p-interferon, 
cyclophosphamide, pentoxifylline, thalidomide, cy- 
closporin, plasmapheresis, and high-dose intra- 
venous immune globulin, and unfortunately so far 
none of these has been effective. They do not influ- 
ence the course of the neurological disease. Inciden- 
tally, improvement under steroids has been reported, 
but this effect may be temporary. 

Therapeutic strategies aiming to lower VLCFA 
have been the cornerstone of therapeutic strategies 
for a long time. Dietary restriction of saturated 
VLCFA is insufficient to lower blood VLCFA. Mono- 
unsaturated fatty acids compete with saturated fatty 
acids for the microsomal fatty acid elongation system. 
Diets enriched in monounsaturated fatty acids lead to 
decreased synthesis of VLCFA and are more effective 
in lowering blood VLCFA. The best results are ob- 
tained by combining the two. Diets restricted in satu- 
rated VLCFA combined with the use of a 4: 1 mixture 
of glyceryl trioleate (GTO; oleic acid is a CI 8 mo- 
nounsaturated fatty acid) and glyceryl trierucate 



(GTE; erucic acid is a C22 monounsaturated fatty 
acid), popularly referred to as Lorenzo's oil, can lead 
to complete normalization of blood levels of VLCFA. 
Moderate reduction in platelet count occurs as a side 
effect in 40% of the patients but does not lead to he- 
morrhages. This treatment does not alter the clinical 
disease course in patients in whom the neurological 
deterioration has already set in. However, there is in- 
creasing evidence that, depending on the degree of 
treatment compliance and decrease in VLCFA, the 
treatment has a protective effect when started in neu- 
rologically intact patients. Treated adequately, a 
smaller number of boys with the biochemical defect 
develop the aggressive cerebral form of the disease, 
and the onset of neurological symptoms is delayed. 
Unfortunately, dietary treatment is not an absolute 
preventive, and patients may still develop cerebral 
XALD despite perfect compliance and normalization 
of plasma VLCFA levels. 

Another important cornerstone in the treatment of 
cerebral XALD is bone marrow transplantation. The 
outcome is highly dependent on the degree of cere- 
bral involvement at the time of the transplantation. If 
applied early in the course of the disease, bone mar- 
row transplants may prevent further deterioration 
and may even lead to improvement of cerebral lesions 
on MRI. In the brain, the donor-derived cells are mi- 
croglia, and it is assumed that the beneficial effect of 
bone marrow transplantation is that donor microglia 
metabolize VLCFA, thus reducing their levels in the 
brain. The observation that improvement appears to 
commence only 6 months after transplantation is 
compatible with the slow turnover of microglia. The 
therapy is not recommended for patients with rapid- 
ly advancing or severe cerebral involvement, because 
these patients do not tolerate the temporary worsen- 
ing associated with the procedure or the delay in on- 
set of beneficial effect. Generally, an IQ of 80 (perfor- 
mance IQ appears to be especially important) is con- 
sidered the limit because outcome in patients with a 
performance IQ below 80 is poor. In these patients 
transplantation may even lead to rapid worsening 
and sometimes an early death. Delayed stabilization 
in a poor neurological condition or vegetative state 
may also occur. Bone marrow transplantation is also 
not recommended for asymptomatic patients, be- 
cause of the over 50 % chance that they will not devel- 
op the serious cerebral form of the disease, and the 
high mortality associated with bone marrow trans- 
plantation. Transplantation is also not recommended 
in stable patients, because the duration of the stable 
period is unclear and may be many years. Unfortu- 
nately, the prognosis of XALD cannot be predicted by 
VLCFA measurement, mutation analysis, or the ex- 
pression of the disease in relatives. It is presently not 
possible to predict whether a young asymptomatic 
boy is destined for a severe phenotype, for which 
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bone marrow transplantation should be performed, 
or a mild phenotype. For this reason, monitoring of 
the disease on MRI and using neuropsychological 
tests from the presymptomatic stage onwards is ex- 
tremely important. As soon as lesions appear, and ap- 
pear to be progressive, bone marrow transplantation 
should be attempted. Extensive screening of family 
members should be performed as soon as the diagno- 
sis of XALD or AMN has been established in one pa- 
tient and HLA typing should initiated in all persons 
who are potential future candidates for bone marrow 
transplantation in order to search for a suitable donor 
and be prepared for transplantation. Bone marrow 
transplantation is presently not performed in adult 
patients with AMN. This is because the morbidity and 
mortality of bone marrow transplantation are higher 
in adults than in children, whereas AMN is a relative- 
ly slow disease that may take decades before death en- 
sues. At present, it is not clear whether bone marrow 
transplantation at a young age for incipient cerebral 
XALD will prevent the development of AMN in adult- 
hood. 

Promising alternative therapies have been pro- 
posed, but no definitive data on their clinical effects 
are as yet available. 4-Phenylbutyrate up-regulates the 
expression of a protein referred to as ALDR, which is 
a protein with a high homology with ALDP and may 
be able to substitute at least in part for its function. 
The gene encoding this protein is called ABCD2. 
There is evidence that the drug may lead to lowering 
of plasma and tissue VLCFA. Lovastatin also induces 
the increased expression of ALDR. It improves the ca- 
pacity of XALD fibroblasts to metabolize VLCFA and 
normalizes VLCFA in plasma of XALD patients. Lo- 
vastatin may also inhibit inducible nitric oxide syn- 
thase and proinflammatory cytokines. However, sim- 
vastatin, an analogue of lovastatin with similar phar- 
macokinetics and effects on plasma VLCFA, failed to 
decrease VLCFA tissue content. 

Ultimately, gene therapy may hold the greatest 
hope for the treatment of XALD patients. One possi- 
ble strategy would be bone marrow ablation followed 
by autologous transplantation with genetically cor- 
rected hematopoietic cells of the patient's own bone 
marrow. Transplantation and oligodendrocytes or 
pluripotent stem cells to repair damaged tissue are 
other options. 



21.6 Magnetic Resonance Imaging 

In imaging the brain of patients with XALD, different 
patterns can be detected. The most commonly occur- 
ring pattern in cerebral XALD consists of predomi- 
nantly parieto-occipital white matter abnormalities 
(Fig. 21.1). The lesion starts in the splenium of the 
corpus callosum and spreads out into the parieto-oc- 



cipital white matter. The arcuate fibers are relatively 
or completely spared, which is most easily seen on T r 
weighted images. In most patients two zones can be 
distinguished, the anterior zone where demyelination 
advances being less severely affected than the posteri- 
or zone. After administration of contrast, a rim of en- 
hancement can be seen surrounding the most severe- 
ly affected area, separating this area from the less se- 
verely affected and normal white matter (Fig. 21.1). 
These three zones are in accordance with the three 
zones recognized histologically. The outer and ad- 
vancing zone is in the process of active demyelination 
without inflammation. The middle zone shows signs 
of prominent inflammation. The innermost and most 
posterior region is completely demyelinated and 
burnt out. In this latter area, cavitation and calcifica- 
tion may be present. The calcium deposits are best 
seen on CT (Fig. 21.2). The lesions are essentially 
symmetrical, but are often not so in detail. Demyeli- 
nation advances in the frontal direction. Structures 
affected relatively early on are the lateral and medial 
geniculate bodies, in some cases the lateral-inferior 
part of the thalamus, the posterior limb of the inter- 
nal capsule, and the external capsule. The frontal lobe 
is affected last and more variably. In the end, almost 
all cerebral white matter is affected. In the end- stage, 
serious white matter atrophy is seen. The cerebellum 
is not usually involved early in the course of disease, 
in contrast to the brain stem. Typically, the involved 
tracts are the occipitoparietotemporopontine and 
pyramidal tracts, the brachium of the inferior collicu- 
lus, the brachium of the superior colliculus, and the 
lateral lemniscus. The frontopontine tracts are pre- 
served. This MRI pattern is present in about 80 % of 
patients with childhood cerebral XALD and has a 
lower percentage in older patients. The overall fre- 



Fig. 21.1. An 8-year-old boy with cerebral XALD. The T 2 - 
weighted axial images show the characteristic pattern of sym- 
metrical lesions in the parieto-occipital white matter. The im- 
ages show that the lesion contains three zones.The inner and 
more posterior zone has a slightly higher signal than the out- 
er and more anterior zone; there is a rim of low signal in be- 
tween. The contrast-enhanced ^-weighted images confirm 
the two zones, the inner and more posterior zone having the 
lowest signal, whereas the outer and more anterior zone has a 
less low signal. The rim in between shows prominent contrast 
enhancement. The three zones of the disorder can be visual- 
ized this way: the outer and more anterior zone being inactive 
and completely demyelinated,zone 2 showing marked inflam- 
mation and advanced demyelination,and zone 3 representing 
the start of demyelination. Zones 1 and 3 can usually be distin- 
guished on T 2 -weighted images. The splenium of the corpus 
callosum is affected and the lateral part of the midbrain as well 
as the corticospinal tracts in the pons 
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Fig. 21.1. 
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Fig. 21 .2. CT scan of an 8-year-old boy 
with cerebral XALD shows calcium 
deposits in the lesion 



quency of this pattern among patients with cerebral 
XALD is about 65-70 %. 

The pattern of cerebral XALD may be reversed, 
starting bilaterally in the frontal area with concomi- 
tant involvement of rostrum and genu of the corpus 
callosum (Fig. 21.3). In such cases the anterior limb of 
the internal capsule is involved instead of the posteri- 
or limb, and the frontopontine brain stem tracts in- 
stead of the occipitoparietotemporopontine tracts. 
Again, there are three distinguishable zones with con- 
trast enhancement of the middle zone. This pattern is 
most commonly seen in teenagers and adolescents 
with cerebral XALD. The overall frequency among 
patients with cerebral XALD is about 15%. 

In a few patients, there is concomitant but inde- 
pendent frontal and parieto-occipital white matter 
involvement. This pattern is rare and occurs mainly 
in children. 

In some patients the frontopontine or corti- 
cospinal projection fibers are involved without in- 
volvement of the periventricular or deep white mat- 
ter. In this pattern lesions are initially seen in the in- 
ternal capsule and brain stem tracts. With progres- 
sion of disease abnormalities most often develop in 
cerebellar peduncles, the splenium of the corpus cal- 
losum, and optic radiation. Contrast enhancement 
may be present. This pattern is seen in 10-15% of all 
cerebral XALD patients. It is mainly seen in adult 
XALD patients with clinical signs of AMN (Fig. 21.4), 
but has also been reported in children with mainly 
pyramidal signs. 

Another pattern consists of symmetrical involve- 
ment of cerebellar white matter, middle cerebellar pe- 
duncles, and brain stem tracts. This pattern is rare 
and is mainly seen in adolescents. 

In exceptional cases patients have unilateral dis- 
ease initially and bilateral but markedly asymmetri- 
cal disease in later stages (Fig. 21.5). The presence of 
two zones in the lesion on unenhanced images and 
contrast enhancement of the rim in between these 
zones are helpful diagnostic clues. One asymptomatic 



adult patient suffered a severe cerebral contusion in 
the left temporal area after which the course was 
downhill. Demyelination started in the area of the 
contusion, and proceeded to affect both hemispheres, 
but asymmetry remained. Marked contrast enhance- 
ment was seen and extensive inflammation on brain 
biopsy. 

In general, patients with the parieto-occipital pat- 
tern and those with the frontal pattern have rapid dis- 
ease progression if the abnormalities are present at an 
early age and if contrast enhancement is present. Pa- 
tients with both frontal and parieto-occipital abnor- 
malities have the most rapid disease progression. Pa- 
tients with predominant involvement of frontopon- 
tine or corticospinal projection fibers or predomi- 
nant involvement of the cerebellar white matter 
generally have much slower disease progression. 

The primary finding in AMN consists of spinal 
cord atrophy. In half of the symptomatic AMN pa- 
tients, abnormalities are noted on brain MRI. This 
percentage depends on age: it is lower among the 
younger AMN patients and higher among the older 
AMN patients. Involvement of corticopontine and 
corticospinal projection fibers, described above, is 
most commonly seen. However, AMN patients may 
also develop much more extensive white matter ab- 
normalities, involving mainly the parieto-occipital 
white matter and splenium of the corpus callosum, 
the frontal white matter and anterior part of the cor- 
pus callosum, or the cerebellar white matter. 

Only a few female heterozygotes show abnormali- 
ties on MRI of the brain and spinal cord, even when 
they display an AMN-like clinical phenotype. The 
pattern of full-blown cerebral demyelination is very 
rare. 

Apart form its role in diagnostics, MRI has a major 
role in monitoring of the disease (Figs. 21.6 and 21.7). 
Monitoring is an essential part of treatment, first of 
all to determine which patients are eligible for a par- 
ticular treatment and secondly to monitor treatment 
effects. At present, there are two cornerstones in the 
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Fig. 21 .3. A boy with cerebral XALD.The first three rows show 
images at the age of 9 years. Note the frontal predominance of 
the lesions with involvement of the genu of the corpus callo- 
sum and the anterior limb of the internal capsule.The U fibers 
are relatively spared. Also note the involvement of the fronto- 



pontine tracts at the level of the midbrain. The three zones are 
visible, although less clearly than in Fig. 21.1, with enhance- 
ment of the middle zone on the "IVweighted images. (Con- 
tinue see next page) 



treatment of XALD: dietary treatment and bone mar- 
row transplantation. Dietary treatment should be ap- 
plied in all asymptomatic patients in an attempt to 
delay and, hopefully, prevent the onset of clinical 
symptoms. Unfortunately, dietary treatment is not an 
absolute preventive. Bone marrow transplantation is 



indicated for patients in whom cerebral demyelina- 
tion is starting, especially young patients without 
AMN, but not for patients with a normal MRI or pa- 
tients with entirely stable MRI abnormalities. Loes et 
al. (1994 and 2003) developed a 34-point scoring 
method for the grading of MRI abnormalities. It has 
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Fig. 21.3. {continued). A boy with cerebral XALD. The second 
three rows show the follow-up MRI, obtained 1.5 years later. 
The images demonstrate serious progression of the disease 



with spread over almost the entire brain. Only the parieto-oc- 
cipital region is partially spared. The cerebellar white matter 
remains intact 



been found that the Loes score has predictive value. 
With a score higher than 3, almost all patients wors- 
en, irrespective of age; only 10% remain neurologi- 
cally stable. With a score of 1-3, 60 % of patients wors- 
en, irrespective of age, but survival is longer. If the 
Loes score is below 1, prognosis depends on the age of 
the patient: among patients aged between 3 and 7 
years, 30% will develop rapidly progressive cerebral 



demyelination; in the age group between 7 and 10 
years, 10% will develop rapidly progressive cerebral 
demyelination; while in the age group above 10 years, 
rapidly progressive cerebral demyelination is rare 
and AMN is more likely. Contrast enhancement also 
has predictive value: absence of enhancement is asso- 
ciated with stable disease in 80-85 % of the patients, 
whereas clear contrast enhancement is an indication 
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Fig. 21 .4. A 45-year-old man with an AMN clinical phenotype. 
The T 2 -weighted images {upper two rows) show the involve- 
ment of the cerebellar white matter, the brain stem tracts, the 



splenium of the corpus callosum,and the posterior limb of the 
internal capsule. Some enhancement occurs after injection of 
contrast {third row) 



of active inflammatory demyelination and is associat- 
ed with progression in 85-90% of the patients. Diffu- 
sion tensor imaging may be more sensitive than con- 
ventional MRI and show abnormalities in areas that 
are not (yet) abnormal on conventional images. The 
potential role of magnetization contrast imaging in 
the monitoring of XALD patients is presently not 
clear. The decrease in magnetization transfer ratios 



reflects the three zones of white matter involvement, 
the lower ratios being present in the central burnt-out 
region. Normal-appearing white matter has a normal 
magnetization transfer ratio. The findings at MRS of 
the brain also have predictive value, in particular the 
findings just outside the visible lesion. If the JV-acety- 
laspartatexholine ratio is decreased, this is evidence 
for impending demyelination in the area and disease 
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Fig. 21.5. Adult male patient with cerebral XALD.The MRI of 
the first row was obtained when he was 29 years old; the MRI 
of the second and third rows when he was 31 years old. The 
process started unilaterally and progressed to a bilateral but 
highly asymmetrical disease with predominant involvement 



of the right side of the brain. Still the MR characteristics sug- 
gest cerebral XALD with a zoned lesion, the middle zone hav- 
ing a low signal on the T 2 -weighted images.The zone are par- 
ticularly prominent on theTVweighted images 



progression. A normal JV-acetylaspartate:choline ra- 
tio provides evidence for a stable situation. For these 
reasons, combined MRI and MRS studies every 6 
months are recommended for asymptomatic XALD 
boys up to the age of 10 years. If abnormalities are 
seen on MRI, contrast-enhanced images are added to 



the protocol. As soon as abnormalities are found, a re- 
peat MRI is obtained after 2-3 months to document 
progression. If progression of abnormalities is 
demonstrated and the Loes score becomes 3 or high- 
er, bone marrow transplantation is performed as soon 
as possible. Between the ages of 10 and 20 years, the 
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Fig. 21.6. This 18-year-old boy had learning and behavioral 
problems from early on. At the age of 1 5 years he experienced 
an encephalitis-like episode from which he fully recovered. 
Since then he has been clinically stable with a normal neuro- 
logical examination. Between the ages of 1 5 and 1 8 years MRI 
findings have remained unchanged with frontal white matter 
abnormalities and white matter atrophy. The genu of the cor- 



pus callosum is involved. The entire cerebral white matter ap- 
pears slightly elevated in signal, with a loss of contrast be- 
tween white and gray matter.There is some contrast enhance- 
ment at the rim of the lesion. In view of the static nature of the 
disease, hematopoietic stem transplantation has not been 
considered 



frequency of MRI and MRS is decreased to once a 
year. After bone marrow transplantation, various out- 
comes are seen. In some patients MRI abnormalities 
regress or disappear; in others the abnormalities be- 
come stable. Unfortunately, bone marrow transplan- 
tation is not a great success in all patients and further 
deterioration may also occur. 
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Fig. 21.7. This boy is the younger 
brother of the patient shown in 
Fig. 21 .1 . He was diagnosed with 
the biochemical defect of XALD after 
his brother was diagnosed with the 
disease. He was monitored by MRI 
and MRS every 6 months and normal 
results were found {upper row, left). 
When he was 6 years old a lesion was 
found in the splenium of the corpus 
callosum {upper row, right), which had 
increased in size after 3 months {mid- 
dle row, left). At that time contrast 
enhancement of the lesion was found 
{middle row, right). Bone marrow trans- 
plantation was performed soon after 
without major complications.The first 
MRI after the procedure showed some 
further progression of the lesion, but 
the lesion has been stable since and he 
is now 9 years old {th ird row, left). The re 
is at most minimal contrast enhance- 
ment remaining. He is clinically intact 



Chapter 22 

Refsum Disease 



22.1 Clinical Features 

and Laboratory Investigations 

Refsum disease (RD), also called heredopathia atacti- 
ca polyneuritiformis and hereditary sensory and mo- 
tor neuropathy type IV, is a rare disorder with an au- 
tosomal recessive mode of inheritance, characterized 
by accumulation of phytanic acid. The age at onset of 
clinical signs and symptoms varies from early child- 
hood to the fifth decade. The onset is insidious and 
may be difficult to determine precisely. Most patients 
have clear-cut manifestations before the age of 20 
years. Symptoms may be precipitated by infections 
and low caloric intake. Dramatic exacerbations and 
remissions of symptoms may also occur sponta- 
neously, without obvious antecedent cause. The main 
clinical features are visual disturbances, peripheral 
polyneuropathy, and cerebellar ataxia. Other fre- 
quently observed abnormalities are anosmia, cardiac 
problems, skin changes, sensorineural deafness, and 
skeletal abnormalities. Psychoses, particularly of a 
paranoid type, occur more frequently than one would 
expect on the basis of coincidence. 

Initial visual disturbances include night blindness, 
which may be present for years before the diagnosis is 
established. Gradually, concentric constriction of the 
visual fields develops and finally only a tubular field 
of vision remains. Central vision may be intact or on- 
ly minimally disturbed for years. In some cases optic 
atrophy, cataract, or vitreous opacities occur, con- 
tributing to visual failure and blindness. The fundus- 
copic appearances are variable, also depending on the 
stage of disease. Typical pigmentary retinal degener- 
ation is rare, and usually pigmentation looks like fine, 
small granules or has a salt-and-pepper appearance. 
In the majority of the patients pigmentation occurs in 
the peripheral retina; macular pigmentation is excep- 
tional. In rare cases, no pigmentary degeneration is 
seen on funduscopy. The pupils are often small, and 
reaction to light, convergence, and accommodation is 
often minimal or absent. 

Chronic progressive polyneuropathy is the second 
major manifestation of RD. The visual symptoms 
sometimes precede the polyneuropathy by several 
years. When the polyneuropathy develops gradually, 
it is usually symmetrical and initially distal, causing 
muscular weakness, atrophy, cutaneous hypesthesia, 
painful paresthesia, and disturbed position sense. Pe- 
ripheral nerves are sometimes palpably enlarged. 



There is a progressive lowering and loss of deep re- 
flexes. The plantar responses are as a rule flexor or ab- 
sent. Over a period of years the muscular weakness 
can become widespread and disabling, involving not 
only distal but also proximal musculature. Acute ex- 
acerbations are observed frequently in RD patients. 
When these happen, the weakness is not limited to 
distal muscles of the extremities, but proximal mus- 
cles are also paretic and cranial nerves may be in- 
volved. Periods of exacerbations may be followed by 
remissions in which the acutely developed weakness 
disappears. 

Cerebellar ataxia forms the third major manifesta- 
tion of RD. Its onset is later in the course of the dis- 
ease. The ataxia is more marked than can be ex- 
plained by the degree of weakness and sensory loss 
present. Nystagmus may be present as a sign of cere- 
bellar dysfunction. 

Cardiomyopathy is present in most patients, as 
demonstrated by cardiac enlargement, tachycardia, 
conduction disturbances, and ECG abnormalities. 
Sudden death is common during acute exacerbations 
and is probably caused by cardiac arrhythmias. 

Skin changes vary from a dry, scaly skin to a condi- 
tion of full-blown ichthyosis. The skin abnormalities 
change rapidly with the clinical state and are well cor- 
related with plasma phytanic acid level. The skin 
problems tend to be more severe in children than in 
adults. 

Bony deformities are frequently present. The skele- 
tal manifestations include abnormalities of the 
metacarpal and metatarsal bones, which may be short 
or elongated; pes cavus; syndactyly; hammer toes; 
and epiphyseal dysplasia of the shoulders, elbows, 
and knees. 

Renal dysfunction with amino aciduria and hy- 
pokalemia may occur. 

The signs and symptoms of RD can be divided ac- 
cording to their liability to rapid change following 
changes in blood phytanic acid levels. Bony abnor- 
malities are stationary. Visual disturbances, anosmia, 
and sensorineural deafness develop gradually, do not 
worsen rapidly on increasing phytanic acid levels, 
and do not improve on lowering of phytanic acid lev- 
els; only stabilization at the same level of impairment 
can be achieved by low blood phytanic acid levels. Pe- 
ripheral neuropathy, cerebellar ataxia, and cardiomy- 
opathy are slowly progressive but liable to deteriorate 
rapidly if phytanic acid levels rise. The component of 
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rapid deterioration responds well to lowering of phy- 
tanic acid levels, while the more chronic component 
responds slowly and often incompletely. Skin abnor- 
malities are closely related to actual blood phytanic 
acid levels. 

The clinical diagnosis of RD is not easy as no 
symptom is pathognomonic of the disease and the 
various signs and symptoms may develop in succes- 
sion at different times. The demonstration of exces- 
sive amounts of phytanic acid in serum is the most 
valuable aid in the diagnosis of RD. Phytanic acid is 
not normally present in detectable amounts, and the 
absence of phytanic acid in the serum of an untreated 
patient suspected of suffering from RD makes the 
diagnosis highly improbable. In fact, so far no false 
negatives have been reported. However, elevated phy- 
tanic acid is not specific for the disease, since it may 
also accumulate in several other genetic diseases, 
including peroxisomal biogenesis defects and rhizo- 
melic chondrodysplasia punctata type 1. 

The protein in CSF is increased to levels between 1 
and 7g/l or even higher. The cell count is normal. 
Neurophysiological studies show a greatly reduced 
motor and sensory nerve conduction velocity and 
signs of denervation and reinnervation in the EMG. 
The nerve conduction velocity improves in conjunc- 
tion with clinical improvement. The ERG shows ab- 
sent or reduced reaction. ECG may reveal a prolonged 
QT segment and a widened QRS complex. When the 
urinary sediment of a patient with RD is stained for 
lipids, large amounts of fatty material can be detect- 
ed. 

A deficiency of phytanic acid a-oxidation can be 
shown in cultured fibroblasts. In RD patients the rate 
of a-oxidation of phytanic acid is less than 5 % of nor- 
mal, whereas in parents of RD patients the oxidation 
rate is about 50% of normal, indicating a heterozy- 
gous state. Phytanic a-oxidation activity can be deter- 
mined in cultured amniotic cells, allowing prenatal 
diagnosis. DNA-based prenatal diagnosis is possible 
in families in which the mutations responsible have 
been identified. 



22.2 Pathology 

In RD the site of major involvement is the PNS, 
whereas the CNS shows more subtle abnormalities. 
On gross examination of the brain, the leptomeninges 
appear thickened and the cerebellum may appear 
moderately atrophic. On microscopic examination, 
deposition of fat is noted in the leptomeninges, 
ependymal cells, choroid plexus epithelium, and cells 
of the globus pallidus. The cerebral hemispheres are 
otherwise intact with normal cytoarchitecture of the 
cortex. 



In the brain stem variable demyelination occurs 
mainly affecting the pontocerebellar tracts, medial 
lemniscus, olivocerebellar tracts, cerebellar pedun- 
cles, and corticospinal tracts. Axons are relatively 
spared. A variable number of fat-filled macrophages 
and hypertrophic astrocytes are present. Diffuse loss 
of neurons in the inferior olivary nuclei is commonly 
observed. 

The cerebellar cortex is usually normal, although 
some neuronal loss may occur. The white matter 
within and surrounding the dentate nucleus is affect- 
ed. Lipid-laden macrophages and hypertrophic astro- 
cytes are present. Considerable loss of neurons is pre- 
sent within the dentate nucleus. 

In the leptomeninges surrounding the spinal cord 
large amounts of fat are present. Sudanophilic gran- 
ules of variable size are deposited in endothelial cells, 
histiocytes, and macrophages. Within the spinal cord 
there is marked demyelination of the posterior 
columns and demyelination of less severity in both 
spinocerebellar tracts. Retrograde changes and loss of 
motor neurons are observed in the anterior horns at 
all levels. In the spinal roots, especially at the level of 
the cauda equina, severe demyelination is observed 
together with complete destruction of some axons 
and axonal swellings. Onion-bulb formations are pre- 
sent. 

The peripheral nerves, both somatic and autonom- 
ic, show macroscopic thickening. The changes in the 
peripheral nerves are constant, but their intensity 
varies greatly between cases. Nerve hypertrophy is 
usually most conspicuous in the lumbar and brachial 
plexuses. The hypertrophy is often irregular, forming 
localized swellings. Histological study of these 
swellings indicates that myelinated nerve fibers are 
reduced in number, and Schwann cell processes have 
given rise to typical onion-bulb formations. Many un- 
myelinated axons are present within the onion bulbs. 
The myelin sheaths are often abnormally thin and of 
unequal thickness, and segmental demyelination has 
been found. Axonal destruction is also present. In 
some onion bulbs the whorls are closely packed, but 
in others they are more loosely disposed and separat- 
ed by large extracellular spaces of variable width. In 
the cytoplasm of the whorl-forming Schwann cells, 
several types of inclusion can be seen with help of 
electron microscopy: large crystalline inclusions and 
rounded osmiophilic bodies which are probably lipid 
in nature. 

In the kidney, fat is accumulated in large amounts 
in the epithelial cells of the convoluted tubules. In the 
liver, fat is stored in mesenchymal and parenchymal 
cells. There are no or only slight signs of fibrosis. Per- 
oxisomes are morphologically normal in RD. 
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22.3 Chemical Pathology 

RD is a disorder of phytanic acid metabolism. Phy- 
tanic acid is a C20 multibranched fatty acid. It has 
been isolated in the brain and has been found to be 
present in much larger amounts in the white matter 
than in the gray matter. The presence of substantial 
portions of phytanic acid can be demonstrated with- 
out any appreciable alteration in total amounts of fat. 
Analysis of the lipid composition of the CNS reveals 
that the proportions of the remaining lipids are near- 
ly normal. Phytanic acid is mainly present in phos- 
phoglycerides, with higher proportions of phytanic 
acid in the choline phosphoglycerides than in the oth- 
er phosphoglycerides. Lower concentrations are pre- 
sent in the galactolipids. Phytanic acid accumulates 
mainly in myelin and is found in higher concentra- 
tions in the choline phosphoglycerides from myelin 
than from gray matter or whole white matter. The 
proportions of phytanic acid in peripheral nerve 
myelin are even higher. 

In several organs other than the nervous system 
there are accumulations of neutral lipids, especially in 
liver and spleen. A high proportion of the fatty acids 
consists of phytanic acid, incorporated in cholesterol 
esters and triglycerides. The heart muscle and blood 
also contain a large amount of phytanic acid. 



22.4 Pathogenetic Considerations 

Phytanic acid is a C20 multibranched fatty acid: 
3,7,1 1,1 5-tetramethylhexadecanoic acid. The com- 
mon pathway for fatty acid degradation is formed by 
the p-oxidation pathway in mitochondria and perox- 
isomes. The presence of a 3 -methyl group in phytan- 
ic acid prevents it from undergoing p-oxidation. In- 
stead, phytanic acid undergoes a-oxidation to pris- 
tanic acid in peroxisomes and pristanic acid is further 
degraded by p-oxidation. Phytanic acid is converted 
into phytanoyl-CoA by acyl-CoA synthase. Phy- 
tanoyl-CoA hydroxylase, a peroxisomal matrix pro- 
tein, catalyzes the conversion of phytanoyl-CoA into 
2-hydroxyphytanoyl-CoA, which is subsequently 
converted into pristanal, pristanic acid, and finally 
pristanoyl-CoA, a substrate for further p-oxidation. 

The basic defect in RD is a defect in a-oxidation of 
phytanic acid in peroxisomes. In about 50 % of the RD 
patients the defect involves the enzyme phytanoyl- 
CoA hydroxylase, resulting in an excessive accumula- 
tion of phytanic acid in blood and various tissues. 
The gene encoding this enzyme, PHYH or PAHX, is 
located on chromosome 10pl3. Many different muta- 
tions have been identified in RD patients. A number 
of atypical RD cases have been related to a defect in 
the same gene. In one RD family, not only phytanic 
acid, but also pipecolic acidemia was elevated. This 



family showed linkage to the PAHX locus on chromo- 
some 10pl3 (Tranchant et al. 1993; Nadal et al. 1995). 
In another patient with clinical findings of mental 
retardation and abnormally short metatarsals and 
metacarpals, but no other signs of classic RD, both 
phytanic acid and pipecolic acid were elevated 
(Baumgartner et al. 2000). Liver peroxisomes were 
reduced in number, had a larger average size, and 
lacked catalase. This patient was homozygous for a 
frameshift mutation in PAHX (Baumgartner et al. 
2000). 

RD is genetically heterogeneous and some patients 
have mutations in the gene PEX7, located on chromo- 
some 6q2 1-22.2. Mutations in the latter gene are 
known to be associated with rhizomelic chondrodys- 
plasia punctata (RCDP). This is another peroxisomal 
disorder characterized by proximal shortening of the 
extremities, contractures, growth failure, cataracts, 
mental retardation, and usually early death. RCDP is 
genetically heterogeneous with three distinct forms. 
A defect in the de novo plasmalogen biosynthesis is 
the central biochemical feature of RCDP. Only RCDP 
type 1, which is caused by mutations in PEX7, is also 
characterized by elevated phytanic acid. Mutations in 
PEX7 lead to a defective PTS2 receptor, resulting in 
defective import of peroxisomal proteins with a PTS2 
targeting signal. Phytanoyl-CoA hydroxylase, alkyl- 
dihydroxyacetonephosphate synthase, and peroxiso- 
mal thiolase are the three peroxisomal enzymes 
with a PTS2 targeting sequence. Alkyl-dihydroxyace- 
tonephosphate synthase is involved in plasmalogen 
biosynthesis. In patients with a defect in PEX7, phy- 
tanoyl-CoA hydroxylase, alkyl-dihydroxyacetone- 
phosphate synthase, and peroxisomal thiolase are 
deficient. Patients with RCDP types 2 and 3 have an 
isolated deficiency of either alkyl-dihydroxyace- 
tonephosphate synthase or dihydroxyacetonephos- 
phate acyltransferase, both resulting in a defect in 
plasmalogen biosynthesis. While patients with muta- 
tions in PHYH have an isolated phytanic acid a-oxi- 
dation deficiency, patients with mutations in PEX7 
have a deficiency of both phytanic acid a-oxidation 
and de novo plasmalogen biosynthesis. It is remark- 
able that mutations in PEX7 can give rise to both 
RCDP and RD. 

The genetic heterogeneity of RD is further empha- 
sized by the finding of a 2-methylacyl-CoA racemase 
deficiency in some patients with retinitis pigmentosa 
and a late-onset sensory neuropathy (Ferdinandusse 
et al. 2000). In these patients both phytanic acid and 
pristanic acid are elevated, in contrast to true RD pa- 
tients in whom only phytanic acid is elevated. 

Phytanic acid is of exogenous, dietary origin. 
There is no evidence of any endogenous synthesis. It 
is consumed by humans in considerable quantities in 
dairy products, ruminant animal fats and meats, and 
certain fish. Phytol can be metabolized by humans to 
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phytanic acid, but most phytol in the diet, present in 
green vegetables, is bound to chlorophyll and little is 
absorbed. Hence, the contribution of phytol to the 
phytanic acid concentration in humans is low. In view 
of the large intake and the presence of only trace 
amounts in normal human tissue, the catabolic path- 
way that disposes of phytanic acid must be very effi- 
cient. 

The accumulation of large amounts of this unusu- 
al fatty acid in various tissues and lipid classes in RD 
is probably the cause of a series of symptoms, both 
acute and chronic. Phytanic acid is readily incorpo- 
rated into phospholipids. It is probable that the incor- 
poration of phytanic acid into lipids of the myelin 
sheaths leads to a less stable myelin structure. The 
methyl branching of phytanic acid probably disrupts 
the packing of the hydrocarbon tails in the bimolecu- 
lar lipid leaflet due to steric hindrance, and in this way 
destabilizes the myelin. Once phytanic acid levels 
reach a critical point, myelin dissolution occurs. The 
phytanic acid levels are higher in peripheral nerve 
myelin than in CNS myelin and demyelination starts 
earlier and is more severe in the PNS than in the CNS. 
A question is why the concentration of phytanic acid 
is higher in myelin of the PNS than in myelin of the 
CNS. The turnover rate of myelin is higher in periph- 
eral nerves than in brain and spinal cord. Phytanic 
acid may, therefore, accumulate more easily in the 
peripheral nerves. Another possibility is that the 
blood-nerve barrier in the PNS is less restrictive than 
the blood-brain barrier in the CNS, allowing a more 
rapid increase in the phytanic acid content of periph- 
eral nerves. The distribution of demyelination in the 
CNS, with preferential involvement of brain stem and 
cerebellum, remains to be explained. 

Phytanic acid is an effective regulator of gene ex- 
pression by virtue of its capacity to activate certain 
nuclear receptors affecting nuclear signal transduc- 
tion pathways. It is likely that this effect is important 
in the pathophysiology of the disease in RD. 



During conditions of increased mobilization of body 
fat, phytanic acid is liberated from body stores and 
the serum concentration increases even when intake 
of phytanic acid is low. During periods of signifi- 
cant weight loss and catabolic conditions related to 
febrile infections, serious worsening of neurological 
or myocardial pathology may occur, even resulting in 
death. 

Strict diet and supply of sufficient energy to main- 
tain a near-constant body weight lead to a gradual 
drop in serum phytanic acid levels to normal or 
slightly increased levels. Treated RD patients show 
clinical improvement. They no longer have apparent- 
ly spontaneous relapses. The improvement in partic- 
ular relates to the signs and symptoms that change 
rapidly: neuropathy, cerebellar ataxia, cardiomyopa- 
thy, and ichthyosis. Problems such as visual distur- 
bances, anosmia, and deafness usually stabilize and 
do not deteriorate any further. Some clinical prob- 
lems are due to irreversible damage and are not influ- 
enced favorably by lowering phytanic acid levels. Ear- 
ly diagnosis and treatment are important to prevent 
irreversible handicaps. The advice to ensure sufficient 
energy provision applies particularly at the start of 
treatment, when the serum phytanic acid levels are 
still very high. Later, when the phytanic acid content 
of the serum has been reduced to safer levels, a grad- 
ual weight reduction is acceptable. Dietary treatment 
is life-long. 

Plasmapheresis provides the means to lower 
serum phytanic levels rapidly. Very high serum levels 
are toxic and may precipitate life-threatening symp- 
toms. In these circumstances, plasmapheresis can 
be used as an emergency measure. Furthermore, 
plasmapheresis has been shown to be an excellent 
supplement to dietary treatment. When applied with 
a low frequency, it can compensate for a less strict 
dietary regimen. Dialysis is ineffective, as plasma 
phytanic acid is bound to lipoproteins. 



22.5 Therapy 

As the origin of phytanic acid is exclusively exoge- 
nous, further accumulation of the substance can be 
prevented by a strict diet that is low in phytanic acid. 
There is no need to restrict phytol. Furthermore, the 
diet should contain enough energy to prevent consid- 
erable weight loss. An appreciable quantity of phytan- 
ic acid is present in hepatic lipid and body fat stores. 



22.6 Magnetic Resonance Imaging 

There are no reports on MRI findings in RD, probably 
because of the rarity of the disease and the fact that 
the site of major involvement is the PNS rather than 
the CNS. In relation to histopathological findings, 
MRI signs of demyelination can be expected to occur 
mainly in brain stem tracts, cerebellar peduncles, and 
the cerebellar white matter. 



Chapter 23 

Mitochondria and Mitochondrial Disorders 

E. Morava, J. A.M. Smeitink 



23.1 Mitochondrial Structure 
and Function 

Mitochondria are membranous organelles that pro- 
vide the energy necessary for the different cell func- 
tions. They are called mitochondria because of their 
threadlike appearance (Greek mitos = thread) on light 
microscopy. On electron microscopy they appear as 
vesicles bounded by two membranes. The inner 
membrane is thrown into folds that project like 
shelves into the mitochondria. These projections are 
called cristae. Mitochondria consist of four compart- 
ments: the outer membrane, the intermembrane 
space, the inner membrane, and the mitochondrial 
matrix. Mitochondria vary considerably in size in any 
one cell type, but most have a diameter of between 0.1 
and 1.0 um. In different cell types the size, shape, and 
number of cristae vary considerably. Most cells con- 
tain many mitochondria, the actual number differing 
in relation to the energy requirements of the type of 
cell. Mitochondria are dynamic organelles. They un- 
dergo frequent fission and fusion or branching, and 
they may alter their size and location in the cell under 
different conditions. 

The main role of mitochondria is to synthesize 
adenosine triphosphate (ATP), the universal source of 
energy for the cell. Mitochondria convert the energy 
derived from oxidation of substrates into the high- 
energy bond of ATP, which is then transported into 
the cytosol in exchange for adenosine diphosphate 
(ADP). The process of production and storage of en- 
ergy by mitochondria is called oxidative phosphoryla- 
tion. In addition to this process, mitochondria also 
perform many other functions, including the first two 
reactions of the urea cycle, the synthesis of ketone 
bodies, and propionate metabolism. 

Pyruvate and fatty acids are the most important 
substrates for energy production, although amino 
acids may also contribute in certain conditions, for 
instance during fasting. 

Pyruvate represents the metabolic end point of 
glycolysis, which occurs in the cytoplasm and yields a 
small amount of ATP. Pyruvate is carried across the 
mitochondrial membrane into the mitochondrial 
matrix space by monocarboxylate translocase. Subse- 
quently it is oxidatively decarboxylated by the pyru- 
vate dehydrogenase complex (PDHc), which produces 
C0 2 and acetyl-CoA, while reducing one nicoti- 
namide adenine dinucleotide (NAD + ) to NADH + H + . 



The pyruvate dehydrogenase complex is located at 
the inner border of the inner mitochondrial mem- 
brane. 

Fatty acids with more than eight or ten carbon 
atoms require a specific carrier system to enter the 
mitochondrial matrix space (Fig. 23.1). They are acti- 
vated to acyl-CoA by acyl-CoA ligase (= acyl-CoA 
synthetase) on the mitochondrial outer membrane. 
Fatty acyl-CoA is subsequently converted to fatty acyl 
carnitine in the intermembrane space by carnitine 
palmitoyl transferase 1 (CPT 1), which is located in 
the outer mitochondrial membrane. Fatty acyl carni- 
tine is then translocated across the inner mitochon- 
drial membrane in exchange for free carnitine, a reac- 
tion catalyzed by carnitineiacylcarnitine translocase, 
located in the inner mitochondrial membrane. On the 
inner surface of the inner membrane a second carni- 
tine palmitoyl transferase, CPT 2, converts fatty acyl 
carnitine to acyl-CoA and free carnitine. Shorter- 
chain fatty acids (ten or fewer carbons) enter the mi- 
tochondria independently of the carnitine-requiring 
transport system, and are activated by short- and 
medium-chain acyl-CoA ligase to the respective acyl- 
CoA esters in the mitochondrial matrix. Acyl-CoA is 
the primary substrate for mitochondrial p-oxidation. 
This p-oxidation spiral involves four successive reac- 
tions, mediated by acyl-CoA dehydrogenase, 2-enoyl- 
CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, 
and 3-ketoacyl-CoA thiolase. The products of each 
turn of the spiral are acetyl-CoA and acyl-CoA, now 
two carbons shorter, with conversion of flavin ade- 
nine dinucleotide (FAD) to FADH 2 and NAD + to 
NADH + H + . An acyl-CoA can recycle through p-oxi- 
dation spirals as many times as it can yield acetyl- 
CoA fragments. With each turn of the spiral, as the 
acyl-CoA becomes shorter, it encounters enzymes 
with different substrate specificities. An example of 
this is the series of chain-length-specific acyl-CoA 
dehydrogenases: long-chain acyl-CoA dehydrogenase 
mediates the reaction for acyl- Co A compounds from 
8 carbons to 18 carbons; medium-chain acyl-CoA de- 
hydrogenase from 4 to 12 carbons; and short-chain 
acyl-CoA dehydrogenase from 4 to 6 carbons. Fatty 
acids with double bonds require additional enzymes, 
6 3 , 6 2 -enoyl-CoA isomerase and 2,4-dienoyl-CoA re- 
ductase. In the liver, the metabolic end product of 
each cycle of p-oxidation, acetyl- Co A, is primarily 
converted to ketone bodies, while in other tissues 
acetyl-CoA is completely oxidized via the citric acid 
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cycle. Electrons from the acyl-CoA dehydrogenase- 
mediated reactions are transferred to electron trans- 
fer flavoprotein to the electron transport chain. 

Therefore, acetyl-CoA is produced from different 
sources. Carboxylation of pyruvate yields oxalo- 
acetate and decarboxylation of pyruvate yields 
acetyl-CoA. Acetyl-CoA is produced in the p-oxida- 
tion of fatty acids. It can also be derived from break- 
down of certain amino acids (for instance, leucine 
and isoleucine). Acetyl-CoA and oxaloacetate con- 
dense to form citrate. Citrate is decarboxylated in the 
citric acid cycle (also called Krebs cycle, tricarboxylic 
acid cycle y or TCA cycle y see Fig. 23.2), yielding C0 2 
and reducing equivalents in the form of NADH + H + 
and FADH 2 . Certain amino acids can be converted 
to citric acid cycle intermediates, such as glutamate, 
aspartate, alanine, proline, and glutamine. 

The reducing equivalents NADH and FADH 2 , pro- 
duced by p -oxidation of fatty acids and the citric acid 
cycle, are reoxidized to NAD + and FAD by the respira- 
tory chain. This oxidation sequence is tightly coupled 
to the phosphorylation of ADP to yield ATP. This 
process of so-called oxidative phosphorylation is re- 
sponsible for the main production of ATP in most 
cells. 

Oxidative phosphorylation (Fig. 23.3) is achieved 
by five multisubunit enzyme complexes (complexes 
I-V), all located within the mitochondrial inner 
membrane. Complexes I-IV constitute the electron 
transport chain (or respiratory chain). Complex I 
(NADH ubiquinone reductase = NADH-coenzyme Q 



reductase) oxidizes NADH to NAD + and the electrons 
of the hydrogen are transferred to ubiquinone (CoQ) 
to yield ubiquinol (reduced CoQ). Complex II (succi- 
nate ubiquinone reductase) accepts reducing equiva- 
lents from succinate and also passes electrons down 
the chain to ubiquinone to yield ubiquinol. The elec- 
trons from ubiquinol are transferred to complex III 
(ubiquinol: cytochrome-c reductase), subsequently to 
cytochrome c, then to complex IV (cytochrome-c ox- 
idase), and finally to oxygen, which combines with 
protons to form water. The energy released in the 
electron transport is used to pump hydrogen ions out 
of the mitochondrial inner membrane through com- 
plexes I, III, and IV. The resulting electrochemical gra- 
dient is exploited by complex V (ATP synthetase = 
ATPase). Complex V allows some of the protons to 
flow back into the mitochondria and uses the energy 
so generated for the synthesis of ATP from ADP and 
inorganic phosphate. ATP formed in the matrix space 
is then transported out of the mitochondria by ade- 
nine nucleotide translocase in exchange for ADP. The 
production and storage of energy by mitochondrial 
oxidative phosphorylation is a very efficient process 
with a high ATP yield. The rate of mitochondrial sub- 
strate oxidation is finely geared to the needs of the 
cell. The main control mechanism is the ratio of ATP 
to ADP. ADP is an activator of mitochondrial respira- 
tion. 

Each complex of the respiratory chain is made up 
of a number of protein components. Complex I con- 
tains 46 polypeptides and has as prosthetic groups 
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flavin mononucleotide and several nonheme 
iron-sulfur clusters. Complex II consists of 4 sub- 
units. Complex III is composed of 1 1 subunits includ- 
ing cytochrome b, cytochrome C\> and a nonheme iron 
protein. Complex IV is composed of 13 different 
protein units, 2 cytochromes (a and a 3 ) and two 
copper atoms. Complex V is composed of 16 different 
polypeptides. Two small electron carriers, ubi- 
quinone (coenzyme Q 10 ) and cytochrome c (a low 
molecular weight hemoprotein) act as shuttles be- 
tween the complexes. 



23.2 Mitochondrial Genetics 

Human cells possess two different genomes: nuclear 
DNA (nDNA), a 3xl0 9 -base-pair-long genome, pre- 
sent in two copies in each cell, and mitochondrial 
DNA (mtDNA), a 16,569-base pair-long genome, pre- 
sent in 2-10 copies per mitochondrion. Mitochondria 
are dependent upon the coordinated expression of 
these two parallel genetic systems. 

Each mitochondrion contains on average five mi- 
tochondrial genomes and each cell contains hundreds 
to thousands of mitochondria. Consequently, there 
are hundreds or thousands of copies of mtDNA in 
each cell. In normal individuals all of these copies of 
mtDNA are identical (homoplasmy), but in disease 
there may be more than one distinct population of 
mtDNA (heteroplasmy), one being normal and the 
other being mutant. During cell division mitochon- 
dria (and mtDNA) are randomly distributed between 
daughter cells. As a consequence, the proportion of 
mutant genomes may shift in daughter cells. 

mtDNA consists of two complementary strands: 
one filament is rich in guanine nucleotide residues, 
while the other is rich in cytosine residues. They are 
conventionally called heavy (H) and light (L) strands, 
respectively. mtDNA contains only 37 genes and 
codes for different proteins of the respiratory chain 
and the RNAs (transfer and ribosomal RNAs) neces- 
sary for expression of these genes (13 messenger 
RNAs [mRNAs], 22 transfer RNAs [tRNAs], and 2 ri- 
bosomal RNAs [rRNAs]). The 13 mRNAs specify as 
many polypeptides of the respiratory chain: 7 sub- 
units of complex I, the cytochrome b subunit of com- 
plex III, 3 subunits of complex IV and 2 subunits of 
complex V. 

In mtDNA, the gene organization is highly com- 
pact; all of the coding sequences are contiguous with 
each other and there are no introns. The only noncod- 
ing stretch of DNA is the displacement loop (D loop), 
a region of 1 123 base pairs that contains the origin of 
replication of the H strand and the promoters for 
L- and H-strand transcription. The D loop is an im- 
portant area of interaction of mtDNA with nuclear- 
encoded proteins regulating mtDNA housekeeping 



functions. The genetic code used in the mitochondria 
differs from the universal code, making nDNA and 
mtDNA reciprocally untranslatable. The rate of spon- 
taneous mutations of mtDNA genes is much higher 
than that of nDNA genes and repair mechanisms are 
limited and less efficient. 

The entire mitochondrial genome of each individ- 
ual, either male or female, is inherited from the moth- 
er, although the possibility is not excluded that a 
small contribution of the mitochondrial genotype 
may be of paternal origin. This is due to the fact that 
during egg fertilization the sperm cell contributes al- 
most no cytoplasm to the zygote. 

The replication and expression of mtDNA are con- 
trolled by nuclear genes. The nuclear genome further- 
more encodes for most of the mitochondrial proteins 
and cooperates with the mitochondrial genome in the 
assembly of the multisubunit enzyme complexes of 
the oxidative phosphorylation apparatus. The D-loop 
region is an important area of interaction between 
nDNA and mtDNA. 

The structural proteins of the oxidative phospho- 
rylation (complexes I-V) are all dual-coded, except 
for complex II. Most mitochondrial membrane and 
matrix proteins are coded by nuclear genes and syn- 
thesized in the cellular cytoplasm on free polyribo- 
somes and have to be imported from the cytoplasm 
into the mitochondria through a complicated translo- 
cation machine, which is under the control of the nu- 
clear genome. In addition, nDNA encodes several fac- 
tors controlling mtDNA replication, transcription 
and translation. 

Most nuclear-encoded mitochondrial proteins 
destined for the inner three mitochondrial compart- 
ments (the intermembrane space, the inner mem- 
brane, and the mitochondrial matrix) are synthesized 
as larger precursors containing an amino-terminal 
extension (presequence). The presequences are the 
targeting signals of the precursor proteins and direct 
these proteins to mitochondria. The presequences 
consist of 20-80 amino acid residues. There is no ap- 
parent sequence identity among the different mito- 
chondrial protein presequences, but a characteristic 
common to all of them is a relatively high content 
of positively charged and nonpolar residues and 
an almost complete absence of negatively charged 
residues. This finding suggests that the specificity of 
the presequences resides in a structural configuration 
rather than a particular biochemical motif. Most of 
the presequences probably adopt an a-helical struc- 
ture. Most mitochondrial proteins, in particular ma- 
trix proteins, contain their targeting signal in a prese- 
quence, but there are a few exceptions. A few proteins 
do not have presequences and apparently contain a 
targeting signal in their mature form. 

Presequences are recognized by specific receptors 
on the mitochondrial surface (a special class of mito- 
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chondrial outer membrane or MOM proteins). The 
receptors directly interact with another protein, the 
general insertion protein (GIP), and thereby donate 
the precursor proteins to this membrane insertion 
site. The further transport of precursor proteins oc- 
curs through contact sites, where the mitochondrial 
outer and inner membranes are closely apposed. The 
inner membrane has a translocation channel distinct 
from, but in dynamic interaction with, the transloca- 
tion channel of the outer membrane. Import across 
the inner mitochondrial membrane requires ATP and 
the presence of a membrane potential across this 
membrane. 

The configuration of proteins is important in the 
process of import across the mitochondrial mem- 
brane. Completely folded polypeptides are unable to 
traverse the membrane. Premature folding in the cel- 
lular cytoplasm of the precursor proteins is prevent- 
ed by stabilization of the proteins in a translo cation- 
competent, unfolded conformation with help of so- 
called molecular chaperones. Molecular chaperones 
do not form part of the final folded or assembled pro- 
tein structure but prevent nondesired folding and in- 
teractions of the substrate protein along its transport, 
folding, and assembly pathways. Appropriate peptide 
folding is attained after the chaperone has released 
the polypeptide substrate. The majority of the cur- 
rently identified molecular chaperones belong to the 
class of so-called "heat shock proteins." A different 
kind of molecular chaperones involved in mitochon- 
drial precursor proteins consists of the so-called "pre- 
sequence binding factors." These proteins, through 
their interaction with the presequences of mitochon- 
drial precursors, are also essential in the import path- 
way of proteins into mitochondria. 

After import across the mitochondrial membrane, 
presequences are proteolytically removed in the mi- 
tochondrial matrix. This cleavage is necessary for fur- 
ther assembly of the newly imported polypeptides in- 
to functional proteins and complexes. Two different 
proteins are required for full protease activity: mito- 
chondrial processing peptidase (MPP) and process- 
ing enhancing protein (PEP). The MPP component 
contains the catalytic activity, which is stimulated by 
PEP. After that, the proteins are sorted to their respec- 
tive mitochondrial sub compartments. 

The outer and inner mitochondrial membranes 
differ in permeability. The transport of metabolites 
and inorganic ions across the inner membrane is 
highly regulated. This relative impermeability is im- 
portant in maintaining a membrane potential and pH 
gradient across the membrane necessary for oxida- 
tive phosphorylation. The permeability of the outer 
membrane is less restricted. The outer membrane 
contains pore-forming proteins called porins or volt- 
age-dependent, anion-selective channels (VDAC). 
Whether the pore is open or partially closed is depen- 



dent on the membrane potential. In addition to 
VDAC, other types of channels are present in the out- 
er membrane. Probably the outer membrane has sev- 
eral permeability pathways differing in selectivity, 
regulation, and function. 



23.3 Mitochondrial Disorders 

Mitochondrial disorders are the most common in- 
born errors of metabolism, with an estimated inci- 
dence of 1 per 10,000 live births. They present as an 
extremely heterogeneous group of disorders with 
variable age of onset, progression, and severity. Con- 
sidering the central role of mitochondria in cellular 
metabolism, it is not surprising that mitochondrial 
diseases are often multiorgan disorders with predom- 
inant involvement of brain and muscles. Mitochondr- 
ial disorders can follow either a maternal, autosomal, 
or X-linked mode of inheritance. 

Many mitochondrial disorders follow maternal in- 
heritance. A mother carrying a mtDNA mutation will 
transmit it to all her children, male and female, but 
only her daughters will pass it on to their children. At 
a clinical level maternal transmission may be difficult 
to detect. Due to heteroplasmy, unequal mitotic segre- 
gation, and threshold effect, different individuals in 
the matrilinear lineage may differ in symptomatology 
and in organ involvement; some may even be asymp- 
tomatic. In most cases of mitochondrial genomic de- 
fects, heteroplasmy is present, with occurrence of 
both wild type and mutant mtDNA. At cell division 
mitochondria and mtDNA are haphazardly distrib- 
uted between the daughter cells and consequently the 
proportion of mutant genomes may differ between 
daughter cells. The percentage of mutant DNA versus 
normal DNA may, therefore, be very different in dif- 
ferent children of the same mother, and in different 
tissues in the same person, and may alter in the course 
of time. Whether or not the mtDNA mutation is actu- 
ally expressed is largely determined by the relative 
proportion of normal versus mutant genomes in a 
given tissue. A minimum critical number of mutant 
DNA is necessary to impair energy metabolism se- 
verely enough to cause dysfunction of that particular 
organ or tissue. This phenomenon is known as the 
threshold effect. The number of affected mitochon- 
dria and cells needed to cause organ dysfunction 
varies from tissue to tissue depending on the vulner- 
ability of that particular tissue to impairments of ox- 
idative phosphorylation. The relative reliance of tis- 
sues on oxidative phosphorylation energy decreases 
in the following order: CNS, skeletal muscle, heart, 
kidney, and liver. The presence of a mutation in a par- 
ticular percentage of mitochondrial genomes may 
lead to signs of encephalopathy and/or myopathy, 
without any sign of dysfunction of other organs. The 
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metabolic vulnerability may also vary in the same tis- 
sue with time and according to functional demands. 
As the proportion of mutant mitochondrial genomes 
may shift in daughter cells, this may also be the cause 
of a change in phenotype. In general, there is a decline 
in oxidative phosphorylation capacity with age. The 
most likely mechanism for this phenomenon is the 
accumulation of damage to mtDNA in the face of in- 
sufficient ability to repair DNA alterations. This phe- 
nomenon may explain the late age of onset of clinical 
signs and symptoms in some patients, and the in- 
crease in severity of the disease with age. 

The mitochondrial genome depends heavily on the 
nuclear genome, which encodes several factors in- 
volved in mtDNA replication, transcription, and 
translation. Faulty communications between nuclear 
and mitochondrial genomes may lead to either multi- 
ple mtDNA deletions or mtDNA depletion. These dis- 
orders are transmitted by mendelian inheritance, be- 
cause the primary genetic defect resides in nDNA. 
The nuclear genome also contains the genes encoding 
structural mitochondrial proteins, most of the respi- 
ratory chain proteins, and the proteins necessary for 
the proper assembly of the oxidative phosphorylation 
complexes. 

The classification of these pheno- and genotypi- 
cally heterogeneous diseases is very difficult. Classifi- 
cation may be based on the clinical presentation, on 
the age of presentation and possible progression, or 
on the underlying biochemical or genetic defects. 
A previous classification by DeVivo (1993) is based on 
a genetic framework. The major subdivision is into 
nDNA defects, mtDNA defects, and intergenomic 
signaling defects. 

This original classification developed further with 
time, e.g., with the description of defects in assembly 
factors, defects in mtDNA maintenance (replication 
control), and defects in oxidative phosphorylation 
system biogenesis. The classification of DiMauro and 
Schon (2003) has incorporated these recent insights: 

1. Respiratory chain disorders due to defects in 
mtDNA 

(a) Mutations in protein synthesis genes 

(b) Mutations in protein coding genes 

2. Respiratory chain disorders due to defects in 
nDNA 

(a) Mutations in structural components of the res- 
piratory chain 

(b) Mutations in ancillary proteins of the respira- 
tory chain 

(c) Defects in intergenomic signaling affecting 
respiratory function 

(d) Defects of the membrane lipid milieu 

(e) Defects in mitochondrial motility, fusion, and 
fission 



3. Disorders with indirect involvement of the respi- 
ratory chain 

(a) Defects of mitochondrial protein importation 

(b) Defects in mitochondrial motility 

(c) Neurodegenerative disorders 

For the clinician, the genetic origin of the mitochon- 
drial defect is the most important item in the classifi- 
cation, recognizing two major groups: mtDNA defects 
(point mutations in structural proteins of the respira- 
tory chain, point mutations in tRNAs and rRNAs, and 
major mtDNA rearrangements) and nDNA defects 
(defects in structural oxidative phosphorylation pro- 
teins, defects in genes encoding assembly factors, de- 
fects in genes involved in the biogenesis of the oxida- 
tive phosphorylation system, and defects in the main- 
tenance of mtDNA). 

In a simplified view, a positive family history sug- 
gestive of maternal inheritance may help in the early 
diagnosis in mtDNA defects, but the clinical presenta- 
tion may be extremely variable in different family 
members. In many affected individuals the disease 
becomes evident only in early adulthood and may be 
organ- specific. Mitochondrial deletions, however, are 
most often sporadic, the symptoms may appear early, 
and the family history is negative. 

In nDNA defects, the family history is noncontrib- 
utory in most cases, the parents are healthy, the symp- 
toms frequently arise soon after birth, and when pro- 
gressive, the disease may be fatal in early childhood. 
Sibs may be affected to a variable degree (genetic and 
environmental factors), but the clinical variability is 
usually much less marked than in mtDNA defects. 



23.3.1 Mitochondrial DNA Defects 

A variety of defects in mtDNA can be distinguished: 
point mutations, deletions, and duplications. The DNA 
defects may involve genes coding for proteins of the 
respiratory chain (structural proteins) or genes cod- 
ing for tRNA or rRNA. mtDNA depletion is related to 
a nDNA defect and is included under nuclear defects 
of mtDNA maintenance. 

In cases of mutations involving genes encoding 
structural proteins of the respiratory chain, biochemi- 
cal analysis reveals a defect restricted to one respira- 
tory enzyme complex (complex I, II, II, IV, or V). In 
such patients the primary biochemical analysis, 
demonstrating a usually partial isolated complex de- 
ficiency, leads to targeted mutation analysis of partic- 
ular mitochondrial structural genes. Different point 
mutations in genes coding for components of com- 
plex I have been observed in exercise intolerance, 
Leber hereditary optic neuropathy (LHON), Leigh 
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syndrome, Leigh-like syndrome, progressive epilepsy, 
adult-onset dystonia associated with neurological 
and ophthalmological symptoms, and in mitochon- 
drial encephalomyopathy, lactic acidosis, and stroke- 
like episodes (MELAS) syndrome. mtDNA mutations 
involving components of complex III have been re- 
ported in patients with progressive exercise intoler- 
ance, proximal limb weakness with myoglobinuria, 
Parkinsonism, and LHON. In complex IV defects, 
structural mutations have been detected in patients 
presenting with isolated motor neuron disease, Leigh- 
like syndrome, MELAS, proximal myopathy with lac- 
tic acidosis, and LHON. In patients with neurogenic 
muscle weakness, ataxia, and retinitis pigmentosa 
(NARP) and Leigh syndrome, common mutations are 
known in a gene coding for an ATP synthetase (com- 
plex V) subunit. 

A number of point mutations in tRNA and rRNA 
genes have been identified. Each tRNA mutation is 
generally associated with a distinctive phenotype, al- 
though some phenotypic overlap between the differ- 
ent tRNA defects is common. Well-known clinical 
phenotypes include myoclonic epilepsy with ragged 
red fibers (MERRF), MELAS, Leigh syndrome and 
variable combinations of myopathy, cardiomyopathy, 
chronic progressive external ophthalmoplegia 
(CPEO), diabetes mellitus, and hearing loss. Further- 
more, a few rRNA mutations have been also described 
with a very similar phenotype of CNS involvement, 
deafness, neuropathy, and diabetes mellitus. Despite 
the overlap in the clinical symptoms mentioned, the 
association of different tRNA mutations with clinical 
syndromes is surprisingly specific considering that 
these mutations all act on the same mitochondrial 
function, i.e., the ability of mitochondria to translate 
their own genes. Since mutant tRNA is unavailable for 
translation, all mitochondrially encoded proteins are 
present in decreased amounts. Among the different 
clinical phenotypes the biochemical abnormalities 
are virtually indistinguishable, revealing multiple 
partial complex defects. 

Large, single deletions of a substantial proportion 
of mtDNA have been described in CPEO, Pearson syn- 
drome, and Kearns-Sayre syndrome (KSS). These 
syndromes are clinically overlapping. Muscle weak- 
ness and chronic progressive external ophthalmople- 
gia are also present in KSS. Many patients with Pear- 
son syndrome die in early childhood from a combina- 
tion of pancreatic, hepatic, renal, and bone marrow 
insufficiency with pancytopenia, but the few patients 
who improve and survive develop KSS and histologi- 
cal signs of a mitochondrial myopathy in later child- 
hood. The deletions encompass many of the genes en- 
coding for proteins of the respiratory chain, and also 
several tRNAs. This explains the decrease in presence 
of all mitochondrial translation products demon- 
strated by immunological analyses. Biochemical 



analysis reveals decreased activity of complexes I, III, 
and IV, individually or in combination. The percent- 
age of deleted mtDNA is similar in muscles of both 
CPEO and KSS patients, but deletions are restricted to 
skeletal muscle in CPEO and widely distributed in ex- 
tramuscular tissue in KSS. In Pearson syndrome high 
amounts of mtDNA defects are present in bone mar- 
row precursor cells. The proportion probably falls 
with age if the patient survives; however, repeated in- 
vestigation has shown an increased proportion of 
deleted mtDNA in muscle tissue. Most (or all) of the 
cases associated with single DNA deletions are spo- 
radic. The deletion probably occurs after egg fertiliza- 
tion and owing to unequal mitotic segregation is pre- 
sent in only some of the cells. The replication of delet- 
ed mtDNA occurs more rapidly and, in consequence, 
positive selection of respiratory-deficient cells may 
occur in tissues with rapid cell turnover. 

Duplications of mtDNA are very rare in man. Spo- 
radic cases of KSS with heteroplasmic mtDNA dupli- 
cations have been described. 

The relationship between mtDNA changes, bio- 
chemical defects of the respiratory chain, and clinical 
phenotype remains difficult to understand (genetic 
and phenotypic heterogeneity). One point mutation 
can be associated with different clinical phenotypes 
(for instance, the same mutation is present in both 
NARP and some cases of Leigh syndrome; the same 
mutation in a tRNA gene is found in MELAS, in ma- 
ternally inherited myopathy and cardiomyopathy, 
and in maternally inherited diabetes mellitus). The 
phenotype related to the same abnormality in 
mtDNA may also vary within a single kindred. The 
same disease can be caused by different point muta- 
tions (see Chap. 25). Combined features of different 
syndromes have been observed in one patient (KSS 
combined with MELAS; MERRF with MELAS; Pear- 
son syndrome progressing to KSS). Part of the rela- 
tionship between genotype and phenotype can be 
explained by heteroplasmy with different percentages 
of mutant mtDNA in different tissues and changes 
of percentages over the course of time. 



23.3.2 Nuclear DNA Defects 

Nuclear genes responsible for oxidative phosphoryla- 
tion defects can be categorized structurally and func- 
tionally into genes encoding structural components 
of the oxidative phosphorylation system, genes en- 
coding assembly factors of the oxidative phosphory- 
lation complexes, genes involved in the biogenesis of 
the oxidative phosphorylation system, and genes in- 
volved in the maintenance of the mtDNA. 

Among the defects in structural components of the 
oxidative phosphorylation system, complex I deficien- 
cy is the most common. In general, isolated complex I 
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deficiency is one of the most frequent disturbances of 
the oxidative phosphorylation system and often fol- 
lows an autosomal recessive inheritance. The clinical 
presentation in the majority of cases is of a Leigh or a 
Leigh-like syndrome, a leukodystrophy, or a car- 
diomyopathy. Mutations have been identified in seven 
of the 39 nuclear genes encoding structural subunits 
of complex I. Complex II comprises four nuclear en- 
coded subunits. It has a dual function as an enzyme 
complex of the oxidative phosphorylation system and 
as an essential enzyme of the citric acid cycle. It con- 
sists of a flavoprotein (active site with covalently 
bound FAD) and an iron-sulfur protein, and is an- 
chored to the membrane by two transmembrane pro- 
teins. A mutation in the flavoprotein coding gene of a 
patient with Leigh syndrome was the first mutation 
identified in a nuclear gene causing oxidative phos- 
phorylation deficiency. Mutations in the genes encod- 
ing the iron-sulfur protein and the anchor proteins 
cause a different phenotype of hereditary paragan- 
gliomas and/or pheochromocytomas. Complex III 
transfers electrons from the ubiquinone pool to cy- 
tochrome c, and is composed of 1 1 subunits, of which 
ten are nuclear-encoded. Complex III deficiency is of- 
ten associated with encephalomyopathy or cardiomy- 
opathy. However, in the patient with the first mutation 
described in a nuclear-encoded subunit of complex 
III (an enzyme-binding protein), no psychomotor re- 
tardation or neurological impairment was detected, 
but hypoglycemia and lactic acidemia were. To date 
no mutations have been reported in the structural nu- 
clear components of complex IV and complex V. Most 
syndromes with isolated complex IV deficiency are 
caused by mutations in genes encoding proteins in- 
volved in the proper assembly of the complex. 

Assembly factors are proteins which mediate the 
process of assemblage of subunits and intermediate 
complexes into fully assembled oxidative phosphory- 
lation complexes, and have chaperone-like functions. 
A few assembly factors have been identified for com- 
plex I and III, and many for complex IV Mutations of 
the only known assembly factor gene responsible for 
isolated complex III deficiency (Rieske iron-sulfur 
subunit) are associated with neonatal proximal tubu- 
lopathy, hepatic involvement and encephalopathy, 
and with GRACILE syndrome (growth retardation, 
amino aciduria, cholestasis, iron overload, lactic aci- 
dosis, and early death), a fatal metabolic disorder with 
iron overload. Complex IV (COX) is composed of 13 
structural subunits, ten of which are encoded by the 
nucleus. A large number of accessory factors are nec- 
essary for the assembly and maintenance of the active 
complex, and mutations in several of these factors 
have been described. The first gene encoding an as- 
sembly factor known to be responsible for COX defi- 
ciency is the SURF1 gene. Leigh syndrome is the most 
common clinical manifestation observed in patients 



with SURF1 mutation, but milder neurological in- 
volvement with a malabsorption syndrome and cases 
with a leuko encephalopathy have been described in 
association with SURF1 mutations as well. Mutations 
in two other COX assembly genes, SCOl and SC02, 
frequently present with hypertrophic cardiomyopa- 
thy and encephalopathy, sometimes combined with 
hepatic failure. The COX 10 and COX 15 genes are in- 
volved in the synthesis of heme A, a prosthetic group 
of COX. Mutations in these genes result in a clinical 
manifestation comparable to that of SC02 mutations. 
A novel mutation has been recently described in the 
ATP 12 assembly gene of complex V with severe mi- 
crocephaly, hepatomegaly, and early death. 

As to defects in the biogenesis of the oxidative phos- 
phorylation system, oxidative phosphorylation defi- 
ciencies can caused by defects in the import of nu- 
clear-encoded mitochondrial proteins into the mito- 
chondrion. A mutation in the gene for subunit 8a of 
the translocase of the inner mitochondrial mem- 
brane, the TIMM8A or DDP1 gene, causes human dys- 
tonia deafness syndrome, also known as Mohr-Tra- 
jenberg syndrome, a progressive neurodegenerative 
disorder. Friedreich ataxia, an autosomal recessive 
disorder, is caused by disturbances of the iron-sulfur 
cluster formation, related to an abnormal expansion 
of a GAA repeat in the first intron of the frataxin gene, 
which encodes a mitochondrial protein of unknown 
function. The defect in frataxin results in oxidative 
damage of the highly sensitive iron-sulfur protein 
complexes I, II, III, and the Krebs cycle enzyme aconi- 
tase. Hereditary spastic paraplegia (HSP) is a geneti- 
cally heterogeneous neurodegenerative disorder 
characterized by progressive spasticity and weakness 
of the legs. A subtype of HSP is related to mutations in 
SPG7. Patients with this subtype show typical signs of 
mitochondrial disease (ragged red fibers and COX- 
negative fibers). The spastic paraplegia gene SPG7 en- 
codes a nuclear-encoded mitochondrial metallopro- 
tease protein, which has both proteolytic and chaper- 
one-like activities at the inner mitochondrial mem- 
brane. The oxidative phosphorylation system may be 
disturbed not only by defects in factors which are di- 
rectly part of the system or involved in its biogenesis, 
but also by defects in factors that indirectly con- 
tribute to its function, such as alterations in the lipid 
composition of the inner membrane (Barth syn- 
drome). Dominant optic atrophy (DOA) is caused by 
defects in the OPA1 gene, which encodes a mitochon- 
drial GTPase that is important for the formation and 
maintenance of the mitochondrial network. 

Mutations in nuclear genes involved in mtDNA 
maintenance cause disorders that clinically resemble 
disorders caused by mtDNA mutations. This is under- 
standable since the nuclear gene defect causes sec- 
ondary mtDNA loss (mtDNA depletion) or formation 
of multiple mtDNA deletions. However, these disor- 
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ders follow a mendelian inheritance pattern. Multiple 
deletions of the mtDNA have been described in a 
number of clinical syndromes. The most frequently 
described is autosomal dominant progressive exter- 
nal ophthalmoplegia (AD PEO), for which three dif- 
ferent disease genes have been identified: ANTl y en- 
coding the adenine nucleotide translocator or 
ADP/ATP translocator; POLG1, encoding the catalyt- 
ic subunit of the mtDNA- specific polymerase y; and 
C10ORF2 encoding the Twinkle protein, a putative 
mtDNA helicase. For defects in POLG1, mutations 
with a recessive mode of inheritance have also been 
reported. The mtDNA depletion syndrome causes a 
rapidly fatal mitochondrial disorder in infancy. 
Quantitative analysis of the mtDNA reveals a severe 
depletion, varying from 50% up to 98% as compared 
to normal controls. Depletion of mtDNA correlates 
with the presence of multiple respiratory chain de- 
fects. Clinically three syndromes are distinguished: 
fatal infantile hepatopathy, congenital myopathy 
with or without nephropathy, and later- onset infantile 



or childhood progressive encephalomyopathy. Two 
genes involved in mitochondrial deoxyribonucleo- 
side metabolism, 7X2, encoding thymidine kinase 2, 
and DGUOKy encoding deoxyguanosine kinase, have 
been associated with a myopathic form and a hepa- 
toencephalopathic form of mtDNA depletion syn- 
drome, respectively. Thymidine kinase 2 and de- 
oxyguanosine kinase are both enzymes of the "sal- 
vage pathway," which is the main supply of deoxyri- 
bonucleoside triphosphates (dNTPs) for mtDNA 
synthesis. The link between these salvage pathway en- 
zymes and mtDNA depletion suggests their involve- 
ment in the maintenance of balanced mitochondrial 
dNTP pools. Deficiency of thymidine phosphorylase 
causes multiple mtDNA deletions and/or mtDNA de- 
pletion leading to mitochondrial neurogastrointesti- 
nal encephalomyopathy (MNGIE). Recently, muta- 
tions in a mitochondrial deoxynucleotide carrier 
(DNC) have been shown to cause failure of deoxynu- 
cleotide transport across the inner mitochondrial 
membrane in Amish congenital microcephaly. 



Chapter 24 



Mitochondrial Encephalopathy with Lactic Acidosis 
and Stroke-like Episodes 



24.1 Clinical Features 

and Laboratory Investigations 

Mitochondrial myopathy, encephalopathy, lactic aci- 
dosis, and stroke-like episodes constitute the MELAS 
acronym. The disease shows maternal inheritance 
with considerable intrafamilial variation in expres- 
sion of the disease. The age at onset varies between 3 
months and 40 years, but in most cases first signs and 
symptoms occur before adulthood. Early develop- 
ment is normal in the majority of patients. The first 
manifestations of disease usually belong to the group 
of general features of encephalomyopathies. Growth 
disturbance and epileptic seizures are the most fre- 
quent first symptoms. The disease is progressive with 
increasing symptomatology. Learning disabilities, 
cognitive regression, exercise intolerance, and limb 
weakness are frequent manifestations of the disease. 
The myopathic features are rarely very prominent in 
MELAS. Stroke-like episodes are rarely early signs of 
the disease but have occurred before the age of 40 
years in almost all patients. The stroke-like events 
give rise to both reversible and permanent neurolog- 
ical deficits. Hemiparesis and hemianopia or cortical 
blindness are seen most frequently. Seizures are 
common during the strokes. Episodic migrainous 
headaches with nausea and vomiting are common 
and often precede the stroke-like episodes. In some 
patients focal seizures progress to epilepsia partialis 
continua. All patients eventually develop cognitive 
impairment. In those with early-onset neurological 
impairment, development is generally delayed from 
early on in life, whereas in patients with later-onset 
impairment, the rapidity of disease progression and 
the number of cerebral infarcts have a direct impact 
on the presence and severity of cognitive impairment. 
Sensorineural hearing loss is frequent. Delayed 
puberty, infertility, and hypothalamic hypogonadism 
may be present. Diabetes mellitus, growth hormone 
deficiency, hypothyroidism, hypoparathyroidism, and 
hyperaldosteronism may occur. Less frequent find- 
ings, noted in less than half of the patients, include 
myoclonus, cerebellar ataxia, episodic coma, pe- 
ripheral neuropathy, pigmentary retinopathy, oph- 
thalmoplegia, ptosis, optic atrophy, hypertrophic 
cardiomyopathy, electrocardiographic evidence of 
pre-excitation, cardiac conduction block, and 
nephropathy. In relatives of typical MELAS patients a 
"partial" syndrome may be seen instead of the full- 



blown MELAS picture. Short stature, sensorineural 
hearing loss, mild myopathy, cardiomyopathy, dia- 
betes mellitus, and seizures without stroke or learn- 
ing problems may be the only clinical manifestation 
of disease. 

Some MELAS patients have manifestations which 
are typical of other mitochondrial syndromes. Pa- 
tients with MELAS-MERFF overlap have myoclonic 
epilepsy and the associated EEG features in combina- 
tion with clinical symptoms seen in MELAS, includ- 
ing stroke-like episodes. LHON-MELAS overlap 
leads to features typical of Leber hereditary optic 
neuropathy and stroke-like episodes. 

On laboratory examination, most patients have 
lactic acidosis, although in some resting serum lactate 
is normal. CSF lactate is often also elevated. CSF pro- 
tein is often found to be elevated. EMG may show a 
myopathic pattern. There may be neurophysiological 
evidence of a mixed axonal and demyelinating sen- 
sorimotor neuropathy. Some patients have ECG 
abnormalities with evidence of cardiomyopathy, 
Wolff-Parkinson- White abnormality, or conduction 
block. In most patients ragged red fibers are found on 
muscle biopsy. 

Antenatal diagnosis is very difficult in defects of 
mitochondrial DNA. Because of heteroplasmy, a 
chorionic villus sample may not be representative of 
the level of mutant mitochondrial DNA in the embryo 
and it is therefore difficult to predict the future phe- 
notype. 



24.2 Pathology 

On light microscopic examination of muscle biopsies, 
application of the modified Gomori trichrome stain 
often reveals the presence of ragged red fibers. With 
this stain the abnormal fibers demonstrate a mottled 
and irregular appearance with red-staining peripher- 
al and intermyofibrillar zones. Histochemistry for 
oxidative enzymes, such as NADH dehydrogenase, 
succinate dehydrogenase, and cytochrome c oxidase, 
may yield abnormal staining patterns. On electron 
microscopy, the ragged red fibers display large aggre- 
gates of mitochondria, generally under the sarcolem- 
ma, but also between myofibrils. The mitochondria 
are frequently abnormal in size and structure. The 
mitochondrial cristae are often increased in number 
and irregularly oriented. The mitochondria may con- 
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tain different abnormal inclusions such as crystalline 
or paracrystalline structures or globular bodies. 

Postmortem examination of the brain of deceased 
MELAS patients often reveals atrophy on external ex- 
amination. The cerebellum, too, may have an atroph- 
ic aspect. Major blood vessels are normal. Microscop- 
ic examination reveals areas of extensive cortical lam- 
inar necrosis, usually in the occipital and posterior 
temporal areas. The cortical lesions usually have an 
asymmetrical distribution and are not related to vas- 
cular supply areas. The three deepest cortical layers 
are affected most severely. The gyral crests and sulcal 
depths are equally affected. The severity of the corti- 
cal damage varies from fractional neuronal loss to 
microcystic destruction. Gliosis is present. The corti- 
cal damage may have a spongiform aspect. In the area 
of cortical damage, there is a proliferation of capillar- 
ies. The lesions vary in age, the patient often having 
lesions of different ages. The adjacent subcortical 
white matter is involved with loss of myelin and pres- 
ence of fibrous gliosis. The white matter damage may 
be spongiform. The periventricular white matter is 
usually not involved. However, diffuse white matter 
gliosis and atrophy may also be found. Calcium de- 
posits are frequently present in the globus pallidus, 
less frequently in the caudate nucleus, lateral thala- 
mus, dentate nucleus, subthalamic nucleus, substantia 
nigra, and red nucleus. The calcium granules are 
mostly deposited in and around capillary and small 
arterial walls. Otherwise the basal nuclei are intact 
and no neuronal loss is seen. Within the cerebellum 
pathological changes consist of some variable loss of 
Purkinje cells and granule cells. The dendrites of 
Purkinje cells may show remarkable segmented 
swelling, which is called cactus. On electron mi- 
croscopy, accumulation of mitochondria, neurofila- 
ments, and membrane complex is seen in the region 
of cactus formation. Brain stem and spinal cord may 
also contain spongiform lesions. Electron microscopy 
reveals abnormal accumulation of mitochondria in 
endothelial and smooth muscle cells of small arteries. 
The major cerebral arteries are normal. 



24.3 Pathogenetic Considerations 

Two heteroplasmic point mutations have been discov- 
ered in most cases of MELAS. In 80% of the patients 
a mutation is present in nucleotide 3243 of mitochon- 
drial DNA, which affects a nucleotide position in the 
dihydrouridine loop of the tRNA specific to leucine 
(UUR codon) (tRNA leu(UUR) ). In addition, 7.5% of 
the patients have another mutation in the same 
tRNA leu(UUR) gene at nucleotide 3271. The remainder 
of MELAS patients have other point mutations in the 
mitochondrial DNA; few have a deletion within the 
mitochondrial DNA. The 3243 mutation has also been 



found in patients with chronic progressive external 
ophthalmoplegia and other neurological complaints, 
but without stroke-like episodes. 

In MELAS, an isolated defect of complex I or com- 
bined defects in complexes I, III, and IV are found in 
muscle mitochondria. The presence of a mutant tRNA 
disturbs the mitochondrial gene translation machin- 
ery and leads to a decrease in all mitochondrially 
encoded proteins. The mechanism by which the 
tRNA leu(UUR) gene mutation interferes with protein 
synthesis remains unclear, but defects in tRNA leu(UUR) 
function, rRNA to mRNA ratio, impaired incorpora- 
tion of leucine into mitochondrial translation prod- 
ucts, and defects in rRNA processing are viable alter- 
natives. 

Among MELAS patients and their maternal rela- 
tives there is a clear relationship between percentage 
of mutant mitochondrial DNA and severity of dis- 
ease. This is clearer for the level of mutant mitochon- 
drial DNA in muscle than for that in blood. Asympto- 
matic relatives have the lowest percentage, oligo- 
symptomatic relatives an intermediate percentage, 
and MELAS patients the highest. Among patients it 
has been found that the higher the percentage of mu- 
tant DNA is, the earlier the symptoms of stroke-like 
attacks appear. 

The cause of the large cerebral lesions is a matter of 
debate. One hypothesis is that the relationship be- 
tween mitochondrial dysfunction and cerebral 
pathology is explained by a mitochondrial vasculopa- 
thy of small arteries, observed in the "infarcted" ar- 
eas. There is a marked increase in number of mito- 
chondria in endothelial cells, smooth muscle cells, 
and pericytes of arterioles. The mitochondria are ab- 
normal and enlarged. These vascular abnormalities 
may result in decreased blood supply. However, in 
SPECT and PET scan studies, evidence of patency of 
blood vessels is found in the acute stage of the infarct 
with the presence of a well-preserved blood flow. 
SPECT studies have repeatedly shown focal hyperper- 
fusion before and during the stroke in MELAS and 
focal hypoperfusion in the chronic, atrophic stage. 
Hence, it is more probable that the metabolic de- 
mands exceed the potential of energy provision by 
the disturbed oxidative phosphorylation, leading to 
cell damage and edema. 



24.4 Therapy 

Various therapeutic strategies have been used in 
MELAS. In particular, administration of cofactors is 
often employed in an attempt to ameliorate the course 
of disease. Riboflavin is a precursor of both flavin 
monophosphate and flavin adenine dinucleotide 
(FAD), which are part of NADH-coenzyme Q reduc- 
tase (complex I) and of complex II. Nicotinamide is a 



206 Chapter 24 Mitochondrial Encephalopathy with Lactic Acidosis and Stroke-like Episodes 



precursor of NAD. Coenzyme Q 10 is given to substi- 
tute and supplement for endogenous coenzyme Q. 
Idebenone, a quinone compound similar to coen- 
zyme Qio, has the theoretical advantage of crossing 
the blood-brain barrier. Vitamin C and vitamin K 3 
(menadione) are given to bridge a defect in the elec- 
tron transport chain, as they accept and transport 
electrons. These drugs are given alone or in varying 
combinations. In patients with MELAS variable im- 
provement has been reported, ranging from none to 
remarkable, but evidence for a consistent beneficial 
effect is lacking. Dichloroacetate inhibits the pyruvate 
dehydrogenase specific kinase, thereby activating the 
pyruvate dehydrogenase complex and reducing lac- 
tate levels. Oral creatine supplementation has been 
reported to lead to clinical improvement in incidental 
patients. Intravenous administration of L-arginine 
during acute stroke has also been reported to lead to 
improvement. 

Symptomatic treatment of the neurological handi- 
cap, epilepsy, and endocrine dysfunction is impor- 
tant. 



24.5 Magnetic Resonance Imaging 

In MELAS CT often shows the presence of calcium 
deposits in the globus pallidus and caudate nucleus 
(Fig. 24.1). Sometimes the calcium deposits are more 
extensive and also affect the putamen and thalamus. 
During the acute phase of stroke-like episodes, one or 
more large hypodense areas are seen. The areas are 
swollen. They have, as a rule, an asymmetric distribu- 
tion. 

In MRI the calcium deposits in the basal nuclei are 
more difficult to see (Fig. 24.1). MRI shows the precise 
distribution of the lesions occurring during the 
stroke-like episodes. From MRI it is clear that the cor- 
tex is often more severely involved than the underly- 
ing white matter and that the periventricular white 
matter is most often preserved (Figs. 24.1 and 24.2). It 
is also the cortex that enhances after contrast injec- 
tion (Fig. 24. 1 ). The lesions are variable in size, some- 
times small, often large, sometimes single, often mul- 
tiple, and usually asymmetrical (Fig. 24.2). The distri- 
bution of the lesions does not follow vascular supply 
or vascular border zones. The occipital and posterior 
temporal areas are preferentially involved (Figs. 24.1 
and 24.2). Other areas that may be involved are the 
thalamus, basal ganglia, and brain stem. Diffuse cere- 
bellar involvement has also been described. In the 
acute stage the lesions are often swollen. The lesions 
may increase in size over days. In the course of a few 
weeks, the lesions may either resolve or leave behind 
an area of atrophy and altered signal intensity, in par- 
ticular in the cortex (Fig. 24.2). Over the years MRI 
may show "migrating infarcts" that leave their traces 



in progressive atrophy with enlargement of the ven- 
tricular system and subarachnoid spaces (Fig. 24.2). 
Cerebellar atrophy may be prominent. 

Different MRI techniques can be of advantage in 
MELAS. Gradient-echo techniques are more sensitive 
to calcium than other techniques. FLAIR images are 
superior in showing small cortical lesions (Fig. 24.2). 
These lesions may arise without associated clinical 
symptoms of stroke. Diffusion-weighted imaging and 
mapping ADC values are of particular interest during 
the acute stages of a stroke-like episode (Figs. 24.3 
and 24.4). The results reported so far are conflicting. 
A study with sequential imaging from day 3 up to day 
25 shows that lesions in the acute phase may show 
normal or elevated ADC values in MELAS (Yoneda et 
al. 1999). Normal or elevated ADC values have also 
been reported in several other, less systematic studies. 
This, of course, is contrary to what is seen in ischemic 
infarctions. However, we and others (Wang et al. 2003) 
have found strongly reduced ADC values in acute le- 
sions, suggesting cytotoxic edema. It remains unclear 
why ADC values are raised in the acute lesion in some 
patients with MELAS. It has been suggested that it is 
because of the presence of vasogenic edema, but this 
explanation seems too simple. There is evidence for 
hyperperfusion in acute MELAS lesions. Both this hy- 
perperfusion with more prominent presence of blood 
in the voxels and the disruption of the blood-brain 
barrier may affect the ADC measurements. Perhaps 
the conflicting findings described are also reflected in 
the observation that some of the lesions in MELAS 
disappear after a couple of weeks, whereas others per- 
sist or result in focal atrophy. It seems a reasonable as- 
sumption that there are differences between subtypes 
of MELAS lesions, reflected in differences in MR mea- 
surements. A more systematic MR approach, follow- 
up, and analysis could probably better document 
these differences. 

Cerebral angiography, xenon- enhanced computed 
tomography, and SPECT demonstrate patency of ves- 
sels in MELAS and, in fact, vasodilation. The regional 
cerebral blood flow is increased in the area of an 
acute lesion (hyperperfusion). This has been docu- 
mented in SPECT studies with 99m Tc-ethyl cysteinate 



Fig. 24.1. A 21 -year-old female patient with MELAS and the 
3243 mitochondrial DNA mutation. Note the calcium deposits 
in the globus pallidus on CT {second row, left). The globus pal- 
lidus has a low signal on T 2 -weighted SE images. There is a 
large lesion in the lefttemporo-occipital region, involving the 
cortex and to a lesser extent the subcortical white matter. A 
small lesion in the body of the caudate nucleus is seen on the 
right. After contrast administration {third and fourth row) it is 
mainly the affected cortex that enhances 
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Fig. 24.1. 
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Fig. 24.2. 
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Fig. 24.2. A male patient with MELAS and the 3243 mitochon- 
drial DNA mutation underwent MRI at the ages of 9 years {first 
row), 1 1 years {second and third rows), 12.5 years {fourth row), 
and 1 5.5 years {fifth row). At 9 years, he had seizures and some 
learning problems, but was otherwise normal. At 1 1 years, he 
had seizures and migrainous headaches and was evidently de- 
menting. He had not had any stroke-like episodes. The MRI 
showed multiple small cortical lesions and generalized cere- 
bral atrophy.The FLAIR images {third row) were much better at 



showing the cortical lesions. At the age of 1 2.5 years he had an 
episode of dysphasia and right-sided hemiplegia and hemi- 
anopia.The MRI showed a large lesion in the left tern poro-oc- 
cipital region, involving both cortex and white matter. In addi- 
tion, multiple old,small cortical lesions were seen. At 1 5.5 years 
the patient had serious dementia and dysphasia. MRI showed 
marked generalized cerebral atrophy as well as focal atrophy 
of the previously infarcted region 



dimer (ECD) and 99m Tc-D,L-hexamethylpropylene- 
amine oxime (HMPAO). The increased uptake of 
these substances in the lesion area also suggests a 
breakdown of the blood-brain barrier. Unfortunately, 
perfusion studies have not been performed systemat- 
ically in a large group of MELAS patients, and no re- 
ports are available concerning MR perfusion studies 
of acute lesions. Especially, no data are available link- 
ing perfusion studies with ADC maps. 

Proton MRS shows low AT-acetylaspartate in acute 
lesions and highly elevated lactate. The decrease in 
AT-acetylaspartate is at least partially reversible, and 
in the chronic stage lactate is usually normal or only 
mildly elevated. Elevated lactate may also be seen in 
areas that are not clearly abnormal on MR images, but 
the elevation is usually much more striking in acute 
and subacute lesions. 

The obvious task for MR is to help distinguish be- 
tween ischemic infarctions and the infarct-like le- 
sions in MELAS. In the younger group it may be im- 
portant to differentiate the infarct-like lesions of 
MELAS from the ischemic infarctions in the early 



phases of moyamoya disease. The distribution of 
lesions in patients with moyamoya syndrome can be 
the same as in MELAS. The abnormal vessels in 
moyamoya syndrome, usually already seen on con- 
ventional MR images, but more clearly on MR angio- 
graphy, will suggest the latter diagnosis. MELAS also 
has to be differentiated from vasculitic disorders 
presenting with multiple infarctions. In a case of 
predominantly temporal location of the acute lesion, 
herpes simplex encephalitis may be suspected. The 
raised serum lactate suggests mitochondrial dysfunc- 
tion rather than herpes encephalitis, and the calcium 
deposits which are often present in the basal ganglia 
in MELAS patients may also help in differentiation. 
Other multifocal infectious and inflammatory lesions 
should be considered as well. Single and multiple 
large areas of abnormal signal intensity in the cortex 
and white matter are also seen in urea cycle defects. In 
MRS, however, findings are very different, with raised 
lactate in MELAS and raised glutamine in urea cycle 
defects. Assessment of blood lactate and ammonia 
levels shows a similar difference. 
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Fig. 24.3. Conventional and diffusion-weighted MRI of the 
patient in Fig. 24.2 at the age of 1 2.5 years.To be more precise, 
the stroke-like episode started with dysphasia, followed after 6 
days by development of right-sided hemiplegia and hemi- 
anopia.The MRI was obtained 12 days after the onset of the 
episode. Displayed areT 2 -weighted SE images {first row), trace 
diffusion-weighted images with a b value of 1 000 {second row), 
and ADC maps {third row). The T 2 -weighted images show the 



extent of the lesion.The diffusion-weighted images show high 
signal in the lesion with an area of lower signal in the occipital 
white matter.The ADC maps show that the temporal lesion has 
a high ADC, whereas most of the occipital lesion has a low 
ADC.The difference in ADC may be related to the different age 
of the lesions. It could also be that the temporal lesion is more 
edematous, as suggested by theT 2 -weighted image 
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Fig. 24.4. Conventional and diffusion-weighted MRI of a 13- 
year-old MELAS patient with the 3243 mitochondrial DNA 
mutation. The MRI was obtained 3 days after the onset of 
right-sided hemianopia.The FLAIR image {left) shows a large 



occipital lesion. On the trace diffusion-weighted image with a 
b value of 1000 {middle) the lesion has a high signal, whereas 
the lesion has a low signal on the ADC map {right).The mea- 
sured ADC is very low 



Chapter 25 

Leber Hereditary Optic Neuropathy 



25.1 Clinical Features 

and Laboratory Investigations 

Leber hereditary optic neuropathy (LHON) is a ma- 
ternally inherited disorder that causes acute or suba- 
cute loss of bilateral central vision. The onset is usu- 
ally asymmetrical, but the interval between involve- 
ment of the two eyes is usually less than a few months. 
Monocular involvement is extremely rare. Men are af- 
fected much more frequently than women and the age 
at onset is usually lower in males than in females. The 
male preponderance ranges from 80% to 90% in 
most white pedigrees to approximately 60 % in Japan- 
ese families. The onset of visual loss typically occurs 
between the ages of 15 and 35 years, with an age range 
of 5-70 years. In most patients visual acuities deteri- 
orate to worse than 2/20 in the course of several 
months, stabilizing thereafter. The loss of vision is 
usually permanent, but spontaneous improvement or 
recovery can occur. Transient worsening of vision 
with exercise or heat may occur (UhthofPs symp- 
tom). Visual field defects are typically central or ceco- 
central, but may also be bitemporal. Headache, eye 
discomfort, and flashes of light may occur at the time 
of vision loss. Color vision is affected severely, often 
early on in the course of vision loss. 

The first sign of the disease, peripapillary telang- 
iectatic microangiopathy, is ophthalmoscopically vis- 
ible in the presymptomatic stage. At the onset of visu- 
al loss, the optic disc is swollen and there is marked 
dilatation and tortuosity of the peripapillary retinal 
vessels. However, vessels do not leak fluorescein on 
fluorescein angiography. The typical ophthalmoscop- 
ic findings may also be present in asymptomatic fam- 
ily members, but some patients with LHON never ex- 
hibit these characteristics, even if examined at the 
time of acute vision loss. After the development of vi- 
sual loss, a capillary-poor retina with attenuated arte- 
rioles and a pale optic disc remain. 

In the majority of patients with LHON, visual dys- 
function is the only significant manifestation of the 
disease. In some pedigrees additional cardiac con- 
duction abnormalities occur, in particular pre-excita- 
tion syndromes such as Wolff-Parkinson- White syn- 
drome. Minor neurological abnormalities such as hy- 
perreflexia, Babinski signs, mild ataxia, or peripheral 
neuropathy have been reported. Several pedigrees 
have been described in which some of the patients ex- 



perience more severe neurological problems. An ex- 
trapyramidal movement disorder with bilateral le- 
sions of the basal ganglia on MRI has been reported 
in several patients. Association with a Leigh-like en- 
cephalopathy with brain stem and basal ganglia in- 
volvement on MRI has also been observed. The most 
frequently observed association is with a multiple 
sclerosis-like disease, and multiple studies have 
shown that the association is more than coincidental. 
Episodic neurological abnormalities occur with par- 
tial or complete recovery. Apart from optic neuropa- 
thy, frequently observed signs include spasticity, cere- 
bellar ataxia, sensory disturbances, vertigo, diplopia, 
internuclear ophthalmoplegia, and urgency of mic- 
turition. The clinical features are indistinguishable 
from those of multiple sclerosis, except for their oc- 
currence in the context of a family history of LHON. 
Presence of severe and bilateral visual signs justifies 
considering the possibility of LHON in otherwise 
typical multiple sclerosis patients. 

Laboratory tests are of limited use in LHON. Fluo- 
rescein angiography is helpful for the illustration and 
confirmation of the LHON funduscopic features. VEP 
studies confirm the absence of any response or pres- 
ence of responses with prolonged latencies and de- 
creased amplitudes. ERG is typically normal. In pa- 
tients in whom the disease course resembles that of 
multiple sclerosis, CSF analysis may reveal an eleva- 
tion of the IgG index and presence of oligoclonal 
bands. ECG may reveal conduction abnormalities. In 
the past, a definitive diagnosis depended on a positive 
family history, age at onset of the vision loss, and the 
characteristic circumpapillary microangiopathy of 
the optic disc in the acute stage. Demonstration of a 
point mutation in mitochondrial DNA in affected in- 
dividuals confirms the diagnosis; DNA confirmation 
of the diagnosis can also be obtained in atypical or 
sporadic cases. 



25.2 Pathology 

In LHON severe axonal degeneration with myelin loss 
of the central part of the optic nerve and pregenicu- 
late pathway is found. The nature of the cerebral mul- 
tiple sclerosis-like white matter lesions has not yet 
been investigated. 
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25.3 Pathogenetic Considerations 

A number of mitochondrial DNA mutations have 
been described in association with LHON. The muta- 
tions can be distinguished into high-risk mutations, 
called class I or primary mutations, and low-risk mu- 
tations, called class II or secondary mutations. The 
most frequent class I mutations include a mutation at 
nucleotide position 11778 in the mitochondrial gene 
encoding subunit 4 of complex I, present in 50 % of 
European patients to 95% of Asian LHON patients; a 
mutation at nucleotide position 3460 in the gene en- 
coding subunit 1 of complex I, present in about 15% 
of European patients; a mutation at position 14484 in 
the gene encoding for subunit 6 of complex I, present 
in about 15 % of European patients; and a mutation at 
position 14459 in the gene encoding for subunit 6 of 
complex I. In addition, several class II mutations are 
known, the pathogenic role of which is much less 
clear. Generally, only one class I mutation occurs in a 
LHON pedigree and individuals harboring this muta- 
tion have a relatively high probability of vision loss. 
Class I mutations are not observed in the normal pop- 
ulation. Class II mutations occur at a much higher fre- 
quency among LHON patients than among the nor- 
mal population. When present in LHON patients, they 
occur in combination with other class I or II muta- 
tions. They may serve as additional predisposing or 
exacerbating genetic factors that increase the proba- 
bility of expressing LHON. It is probably the synergis- 
tic effect of multiple mitochondrial DNA mutations 
that, by their accumulative effect on the oxidative 
phosphorylation, produces a pathogenic reduction in 
ATP-generating capacity. 

For all class I mutations variable penetrance is ob- 
served among apparently homoplastic LHON pedi- 
grees. About 50% of males and 10% of females har- 
boring a pathogenic mutation actually develop 
LHON. In spite of sharing the same mutations, males 
have a 4-5 times higher risk of being affected than fe- 
males. About 15% of the patients are heteroplasmic 
for a class I mutation, and in about 35 % of the fami- 
lies at least one heteroplasmic individual can be iden- 
tified, but heteroplasmy is not sufficient to explain the 
observed phenotypic variation. Therefore, class I mu- 
tations appear to be necessary but not sufficient for 
the clinical manifestation of LHON. Additional genet- 
ic (nuclear or mitochondrial), environmental, or 
physiological factors may play a significant role in the 
expression of LHON. Both internal and external envi- 
ronmental factors may play a role. Systemic illnesses, 
nutritional deficiencies, and toxins that stress or in- 
hibit the body's mitochondrial respiratory capacity 
could conceivably initiate or increase phenotypic ex- 
pression of the disease. Adverse effects of tobacco 
smoke (cyanide present in tobacco smoke inhibits cy- 
tochrome- c oxidase activity) and alcohol have been 



suggested but never proven. The male preponderance 
and earlier onset for males suggest a recessive suscep- 
tibility gene on the X chromosome acting in synergy 
with the mitochondrial DNA mutation. Affected fe- 
males heterozygous for the X-chromosomal suscepti- 
bility gene may be involved because of unfortunate X 
chromosome inactivation. 

Almost all class I mutations alter mitochondrial 
DNA-encoded subunits of complex I. The LHON mu- 
tations do not alter the amount, assembly, and stabil- 
ity of complex I. However, various mutations have 
been shown to affect complex I function, resulting in 
altered electron transport capacity, respiration rate, 
and ATP production. It is suggested that the decline in 
oxidative phosphorylation capacity caused by a com- 
bination of influences (class I and class II mutations, 
X-linked nuclear factor, other genetic factors, envi- 
ronmental factors, effects of aging) may result in op- 
tic atrophy, cardiac conduction abnormalities, and 
neurological disease. With regard to those pedigrees 
with LHON and neurological disease, it would appear 
that certain mitochondrial DNA mutations may be 
particularly responsible. The mutation at position 
14459 is frequently associated with a combination of 
LHON and dystonia. Females with the 11778 muta- 
tion are especially likely to develop clinical and neu- 
roimaging findings indistinguishable from multiple 
sclerosis. 



25.4 Therapy 

No effective treatment to prevent or halt LHON has as 
yet been found. 



25.5 Magnetic Resonance Imaging 

In patients with LHON, optic nerve abnormalities can 
be shown with STIR (short tau inversion recovery) se- 
quences. Increased signal intensity of the mid and 
posterior intraorbital section of the optic nerve is 
seen, sparing the anterior portion. In most patients 
brain MRI is normal. In LHON associated with dysto- 
nia, bilateral putamen lesions have been found. In pa- 
tients with a Leigh-like presentation, additional brain 
stem lesions are found. Cerebellar atrophy has also 
been reported. In patients with a multiple sclerosis- 
like disease, multiple small white matter lesions are 
seen as in multiple sclerosis (Fig. 25.1). The lesions 
are found in the periventricular and deep white mat- 
ter of the cerebral hemispheres, in the brain stem, and 
in the cerebellum. The periventricular white matter is 
predominantly involved. On the basis of MRI only, 
differentiation between LHON and multiple sclerosis 
is not possible. In MRS we found no elevation of lac- 
tate in LHON. 
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Fig. 25.1 . Male patient, 43 years of age, with LHON.The transverse proton density series shows a white rim around the ventricles, 
involvement of the corpus callosum, and some isolated spots in the centrum semiovale.The ventricles are slightly enlarged 



Chapter 26 

Kearns-Sayre Syndrome 



26.1 Clinical Features 

and Laboratory Investigations 

Kearns-Sayre syndrome (KSS) is a rare, sporadic dis- 
order that affects males and females equally. Disease 
onset is before the age of 20 years. The sequence of 
manifestations is not constant, but the signs and 
symptoms in themselves are consistent. Early devel- 
opment is normal. Ptosis and chronic progressive 
external ophthalmoplegia are usually the initial signs. 
Apart from progressive external ophthalmoplegia the 
typical clinical triad includes pigmentary degenera- 
tion of the retina and cardiac conduction block. The 
fine salt-and-pepper type of atypical retinitis pig- 
mentosa is usually associated with good visual func- 
tion and follows a benign course. Incidentally, choroi- 
deremia is present instead of pigmentary retinopathy. 
The most common cardiac conduction blocks are 
complete atrioventricular block, bundle branch 
blocks, and fascicular blocks. Other frequently noted 
signs are short stature due to progressive growth fail- 
ure, delayed psychomotor development, sensorineur- 
al hearing loss, cerebellar ataxia, proximal myopathy, 
cardiomyopathy, and sensory neuropathy. Less fre- 
quent are pyramidal dysfunction and dementia. 
Seizures may occur. Endocrine disease is often pre- 
sent and may include primary gonadal failure, 
delayed puberty, diabetes mellitus, growth hormone 
deficiency, hyperaldosteronism, hypothyroidism, hy- 
poparathyroidism, ACTH deficiency, and primary 
adrenal insufficiency. Hypomagnesemia may occur. 
Some patients have a mottled, hyperpigmented skin. 
Cardiac arrhythmias and congestive cardiomyopathy 
maybe the cause of death. Cardiogenic embolism and 
stroke may also occur and contribute to the disability 
and the risk of death. 

Incidental patients have been reported who suf- 
fered from Pearson syndrome in infancy, followed lat- 
er by KSS. Pearson syndrome comprises refractory 
sideroblastic anemia requiring transfusions, throm- 
bocytopenia, neutropenia, pancreatic insufficiency, 
and hepatic dysfunction. Onset is in infancy and most 
patients die in early childhood from a combination of 
pancreatic, hepatic, renal, and bone marrow insuffi- 
ciency. Some children survive the infantile period and 
no longer need repeated blood transfusions. These 
patients subsequently developed KSS syndrome. Inci- 
dental KSS patients have also been reported who de- 



velop aplastic anemia without other signs of Pearson 
syndrome. 

Laboratory investigations in KSS almost invariably 
reveal an increased CSF protein level, usually above 
the level of 1 g/1. Blood and CSF lactate and pyruvate 
are usually elevated. Signs of variable endocrine dys- 
function are frequently found. EMG may reveal signs 
of a myopathy. ECG shows evidence of a disturbance 
of cardiac conduction. Echocardiography and chest 
X-ray may show cardiomegaly. 

Biochemical analysis of muscle tissue reveals de- 
creased activity of respiratory complexes I, III, and IV, 
individually or in combination. The diagnosis is con- 
firmed by demonstrating a heteroplasmic, single, 
large-scale deletion of mitochondrial DNA or, rarely, 
a mitochondrial DNA duplication. 



26.2 Pathology 

On light microscopic examination of muscle biopsies, 
application of the modified Gomori trichrome stain 
reveals the presence of ragged red fibers. With this 
stain the abnormal fibers demonstrate a mottled and 
irregular appearance with red-staining peripheral 
and intermyofibrillar zones. Histochemistry for ox- 
idative enzymes such as NADH dehydrogenase, succi- 
nate dehydrogenase, and cytochrome-c oxidase may 
yield abnormal staining patterns. On electron mi- 
croscopy, the ragged red fibers display large aggre- 
gates of mitochondria, generally under the sarcolem- 
ma, but also between myofibrils. The mitochondria 
are frequently abnormal in size and structure. The 
mitochondrial cristae are often increased in number 
and irregularly oriented. The mitochondria may con- 
tain different abnormal inclusions such as crystalline 
or paracrystalline structures or globular bodies. 

In KSS the main finding on postmortem examina- 
tion is a spongy state of the cerebral white matter due 
to splitting of myelin sheaths. The axons are general- 
ly preserved. The white matter changes are diffusely 
observed in the frontal, parietal, temporal, and occip- 
ital lobes of both hemispheres. It is the hemispheric 
white matter that is involved, whereas the corpus cal- 
losum and internal capsule tend to be preserved. The 
U fibers are preferentially affected. The cerebral cor- 
tex is intact. The basal ganglia are involved, in partic- 
ular the globus pallidus and caudate nucleus, but the 
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putamen, thalamus, hypothalamus, subthalamic nu- 
clei, and substantia nigra may also be affected. The 
basal ganglia lesions are characterized by loss of 
nerve cells, spongiosis, gliosis, and capillary prolifer- 
ation. Within the globus pallidus perivascular deposi- 
tions of calcium and intracellular depositions of iron 
may be seen. The same type of depositions may be 
seen within the caudate nucleus, dentate nucleus, and 
the putamen. Within the cerebellar cortex, loss of 
Purkinje cells may be seen. The cerebellar white mat- 
ter displays spongiosis and gliosis. In the brain stem 
spongiosis and gliosis have been reported in white 
matter structures, in the pontine and midbrain 
tegmentum, red nucleus, substantia nigra, and other 
gray matter nuclei. Within the spinal cord vacuolation 
of tracts, in particular the dorsal columns, may be seen. 
Cardiomyopathy with ragged red fibers may be 
found. The pancreas may display fatty infiltration. 
The adrenals may be atrophic and small. Glomerular 
and tubular abnormalities may be found in the kid- 
neys. The lobules of the testes may be atrophic with 
marked overgrowth of fibrous tissue. 



26.3 Pathogenetic Considerations 

In most KSS patients large deletions of mitochondri- 
al DNA are present. Large deletions of a substantial 
proportion of mitochondrial DNA have been de- 
scribed in chronic progressive external ophthalmo- 
plegia (CPEO), Pearson syndrome, and KSS. These 
syndromes are clinically overlapping: muscle weak- 
ness and chronic progressive external ophthalmople- 
gia form part of the symptomatology in KSS. 
Although the size and the position of the large dele- 
tions ranges from 1.8 to 8 kilobases, the same 4.977- 
kilobase deletion is known to occur most often and 
is therefore known as "the common 5-kb deletion." 
Most deletions are flanked by direct repeats, suggest- 
ing that homologous recombination or slip-replica- 
tion may be responsible for the deletion. Despite the 
deletion, the mitochondrial genomes are usually com- 
petent for replication and transcriptionally active. 
Most frequently, the deleted segment encompasses 
some of the genes encoding the 13 proteins of the res- 
piratory chain, but also several genes encoding tRNAs. 
This explains the decrease in all mitochondrial trans- 
lation products demonstrated in immunological and 
biochemical analyses, leading to respiratory chain 
dysfunction. Biochemical analysis reveals decreased 
activity of complexes I, III, and IV, individually or in 
combination. Although large single deletions of mito- 
chondrial DNA were initially thought to underlie KSS, 
the genetic abnormality is more complex. Mitochon- 
drial DNA duplications appear frequently to be pre- 
sent as well, and there may be multiple deletions. 



In all patients the deletions are heteroplasmic. Part 
of the relationship between genotype and phenotype 
can be explained by heteroplasmy with different per- 
centages of mutant mitochondrial DNA in different 
tissues and changes of percentages with course of 
time. An increase with time of the mutated mitochon- 
drial DNA fraction has been reported, paralleling the 
progression of the disease. In patients surviving Pear- 
son syndrome it is likely that the patient initially had 
a high percentage of mitochondrial DNA with a dele- 
tion in blood cells. The spontaneous recovery indi- 
cates that selection favoring normal cells may occur 
in vivo. The percentage of deleted mitochondrial 
DNA is similar in muscles of both CPEO and KSS pa- 
tients, but deletions are restricted to skeletal muscle 
in CPEO and widely distributed in extramuscular tis- 
sues in KSS. In Pearson syndrome mitochondrial 
DNA defects are present in high amounts in all tissue, 
in particular in blood and bone marrow. The propor- 
tion in blood and bone marrow probably falls with 
age if the patient survives, whereas conversely an in- 
crease in proportion of deleted mitochondrial DNA 
has been shown in repeated investigation of muscle 
tissue. In KSS patients the deletion is usually present 
in only a small proportion of peripheral blood cells. 

The deletions are sporadic. The deletions are not 
present in mothers of patients or in children of affect- 
ed mothers. Apparently, the deletions occur in the 
oocyte or zygote and affect somatic rather than germ 
cells. An alternative explanation for not finding the 
deletion in offspring of KSS mothers could be that 
oocytes containing mitochondrial DNA deletions 
may not be viable for gametogenesis and fertilization. 
By means of unequal mitotic segregation the deletion 
is spread among part of the cells of the body of the 
embryo and fetus. Replication of genomes containing 
the deletion occurs more rapidly, and as a conse- 
quence selection of respiratory-deficient cells may 
occur in the rapid-turnover tissues. 

KSS is considered a clinical diagnosis and multiple 
KSS patients have been reported with other mito- 
chondrial DNA abnormalities than those described 
above, including point mutations, multiple deletions, 
and mitochondrial DNA depletion. It is striking that 
as a rule these patients do not have the same abnor- 
malities on MRI of the brain as are observed in pa- 
tients with classical KSS. In most of these patients 
MRI of the brain is normal. 



26.4 Therapy 

Symptomatic treatment is important in KSS. Cardiac 
conduction defects often require medication or the 
implantation of a pacemaker. Endocrine dysfunction 
can be treated adequately. 
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Fig. 26.1. Male patient, 29 years old, with KSS.TheCTscan reveals calcium in the head and tail of the caudate nucleus and in the 
globus pallidus.There is some generalized atrophy 



Administration of cofactors has often been em- 
ployed in an attempt to ameliorate the course of dis- 
ease. Coenzyme Q 10 , cytochrome c, flavin adenine 
dinucleotide, riboflavin, thiamine, nicotinamide, vita- 
min C, and vitamin K 3 (menadione) have been given 
alone or in varying combinations and variable im- 
provement has been reported. However, none of these 
has led to a consistent improvement of ocular move- 
ments, CNS symptoms, and cardiac function. 



26.5 Magnetic Resonance Imaging 

In KSS CT scan often reveals calcium deposits in the 
globus pallidus and caudate nucleus in addition to 
low density of the cerebral white matter and progres- 
sive atrophy (Fig. 26.1). In some patients the calcium 
deposits are more widespread and also occur in the 
cerebral white matter. In the absence of calcium depo- 
sition, low density of the globus pallidus may be ap- 
parent. 



MRI often shows a characteristic pattern with 
symmetrical lesions of the globus pallidus and thala- 
mus and subcortical white matter abnormalities 
(Figs. 26.2-26.4). Other central nuclei that are often 
involved include the caudate nucleus, substantia ni- 
gra, and red nuclei. The putamen is usually less 
prominently involved. The white matter abnormali- 
ties are symmetrical and tend to involve all subcorti- 
cal white matter in a patchy or confluent way, sparing 
the periventricular white matter and corpus callo- 
sum, although in our experience the splenium of the 
corpus callosum is usually affected. The cerebellar 
white matter may also be involved. Often extensive 
brain stem abnormalities are seen, in particular in- 
volving the brain stem tegmentum. Cerebellar and to 
a lesser extent cerebral atrophy may occur. 

The full-blown pattern in KSS is diagnostic. How- 
ever, the pattern develops over time and in the earlier 
stages only limited abnormalities in some of the 
structures maybe seen. In these patients, the differen- 
tial diagnosis is longer. MRS shows elevated lactate in 
KSS, which may aid the diagnosis. 
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Fig. 26.2. A 15-year-old male patient with KSS. There are 
extensive cerebral white matter abnormalities with predomi- 
nant involvement of the deep and subcortical white matter 
and sparing of the periventricular white matter and corpus 
callosum, except for the splenium.There are mild signal abnor- 



malities in the thalamus and globus pallidus. It is not clear 
to what extent the posterior limb of the internal capsule is 
involved. Note the brain stem abnormalities, predominantly 
involving the midbrain, pontine tegmentum,and medulla.The 
cerebellar white matter is also involved 
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Fig. 26.3. A 21 -year-old female patient with KSS. The white 
matter abnormalities are less impressive and appear to involve 
the deep white matter with relative sparing of the U fibers and 
complete sparing of a periventricular rim. The splenium of the 
corpus callosum is prominently involved.There are subtle sig- 



nal changes in the globus pallidus, thalamus, and posterior 
limb of the internal capsule. Note the brain stem and cerebel- 
lar white matter abnormalities. Courtesy of Dr.T. van Laar and 
Dr. J.C.H van Oostrom, Department of Neurology, University 
Hospital Groningen,The Netherlands 
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Fig. 26.4. The MRI of a 1 3-year-old female KSS patient displays 
more diffuse, mild signal changes in the cerebral white matter. 
The subcortical white matter in the parietal and occipital 
region has a more pronounced signal abnormality than the 
remainder of the cerebral white matter. The sparing of the 
periventricular white matter is less clear. Again, the splenium 
of the corpus callosum is involved.There are signal abnormal- 



ities in the thalamus, globus pallidus, and corticospinal tracts 
in the posterior limb of the internal capsule, midbrain, and 
pons. The pontine tegmentum, cerebellar white matter, and 
medulla also contain signal abnormalities. Courtesy of Dr. S. 
Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto, Canada 



Chapter 27 

Mitochondrial Neurogastrointestinal 
Encephalomyopathy 



27.1 Clinical Features 

and Laboratory Investigations 

Mitochondrial neurogastrointestinal encephalomy- 
opathy (MNGIE) is a multisystem mitochondrial dis- 
ease which has also been described under a number 
of other acronyms: myoneurogastrointestinal en- 
cephalopathy (also MNGIE); polyneuropathy, oph- 
thalmoplegia, leuko encephalopathy, and intestinal 
pseudo-obstruction (POLIP); oculogastrointestinal 
muscular dystrophy (OGIMD); mitochondrial en- 
cephalomyopathy with sensorimotor polyneur- 
opathy, ophthalmoplegia, and pseudo-obstruction 
(MEPOP); and chronic intestinal pseudo-obstruction 
(CIPO) with myopathy and ophthalmoplegia. 

The disease has an autosomal recessive mode of 
inheritance. In the majority of the patients symptoms 
have their onset between the first and fifth decade, 
with a mean of 19 years and extremes of 5 months and 
45 years. Initial symptoms are most frequently gas- 
trointestinal, ocular, or both. Gastrointestinal signs 
include dysphagia, borborygmi, abdominal pain, 
cramps, recurrent nausea, vomiting, diarrhea, malab- 
sorption, diverticulosis, and pseudo-obstruction. In 
most patients, delayed gastric emptying and dys- 
motility of small intestine, esophagus, and/or phar- 
ynx are found. The gastrointestinal dysmotility is 
caused by visceral myopathy and visceral neuropathy. 
Some patients have liver problems, which may end in 
liver cirrhosis. Most often the liver problems are at- 
tributable to parenteral nutrition. Ocular signs in- 
clude chronic progressive external ophthalmoplegia, 
ptosis, and pigmentary retinopathy. Other common 
clinical features include thin body habitus, short 
stature, tinnitus, sensorineural hearing loss, sensori- 
motor peripheral neuropathy, and myopathy. Limb 
weakness is either distal, proximal, or diffuse. Areflex- 
ia may be present. There is rarely evidence of CNS in- 
volvement. Mental retardation is rare. The average life 
expectancy in MNGIE is 38 years, with a range of 
26-58 years. 

Laboratory investigations may reveal elevated 
blood lactate and pyruvate. CSF protein level is often 
raised. Nerve conduction velocity is moderately to 
markedly decreased and EMG reveals signs of dener- 
vation. These findings are consistent with a combina- 
tion of demyelination and axonal loss. In addition, 
some myopathic changes may be present in the EMG. 



Some patients have an abnormal ECG with evidence 
of conduction disturbances. Laboratory studies show 
various mitochondrial abnormalities in skeletal mus- 
cle, including ragged red fibers with ultrastructurally 
abnormal mitochondria, muscle fibers with increased 
succinate dehydrogenase stain, cytochrome-c oxi- 
dase-negative fibers, and decreased activities of respi- 
ratory chain enzymes. In addition, multiple mito- 
chondrial DNA deletions or mitochondrial DNA de- 
pletion or both are found. 

The diagnosis is confirmed by demonstrating 
elevated thymidine levels in plasma and deficient 
thymidine phosphorylase activity in leukocytes. 
DNA-based confirmation of the diagnosis is also pos- 
sible. 



27.2 Pathology 

In MNGIE cerebral gray matter structures are intact. 
Myelin pallor is found in the cerebral hemispheres, 
extending from the periventricular area into the arcu- 
ate fibers and into the internal capsule. The white 
matter is also pale in axonal preparations, but myelin 
pallor is relatively more marked. The corpus callosum 
is well myelinated. There are no signs of active myelin 
breakdown, no necrosis, and no significant astroglio- 
sis. Electron microscopy provides some evidence of 
loosening and thinning of myelin sheaths. Similar 
changes are present in the cerebellar white matter. 
Myelin pallor is also seen in the central part of the 
pons. The optic nerves show myelin pallor, some vac- 
uolation, and some axonal loss. In the cranial nerves 
myelin pallor and endoneurial fibrosis are seen. In the 
spinal cord, tracts are either normal or also show 
some myelin pallor and vacuolation, in particular in- 
volving the dorsal columns. Within the spinal roots 
marked endoneurial fibrosis and myelin pallor are 
present, the changes being more severe in the dorsal 
than in the anterior roots. Within peripheral nerves 
variable combinations of scanty presence of myelin 
sheaths, abnormal inter nodal length, (rarely) onion 
bulbs, axonal loss, excessive endoneurial fibrosis, and 
perineural thickening are seen. Thus, the neuropathy 
displays mixed features of segmental demyelination 
and axonal degeneration. Visceral nerves show axon- 
al loss. 
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27.3 Pathogenetic Considerations 27.4 Therapy 



MNGIE is related to mutations in the thymidine phos- 
phorylase gene, TP, located on chromosome 22ql3.32- 
qter. Thymidine phosphorylase catalyzes the re- 
versible phosphorolysis of the nucleoside thymidine 
to thymine and 2-deoxy D-ribose 1 -phosphate. The en- 
zyme is likely to have an important role in nucleoside 
homeostasis by regulating the availability of thymi- 
dine for DNA synthesis. The forward reaction, conver- 
sion of thymidine to thymine, is favored under physi- 
ological conditions, and a defect in thymidine phos- 
phorylase leads to accumulation of thymidine. In nor- 
mal cells, thymidine is either degraded to thymine by 
thymidine phosphorylase or salvaged to deoxythymi- 
dine monophosphate by thymidine kinase and reuti- 
lized for DNA synthesis through nucleotide pools. Be- 
cause the thymidine salvage pathway is the only avail- 
able metabolic pathway for thymidine in MNGIE pa- 
tients, a large amount of thymidine should be salvaged 
to deoxythymidine monophosphate and subsequently 
converted to deoxythymidine triphosphate. The accu- 
mulation of thymidine is therefore likely to alter nu- 
cleoside and nucleotide pools. Mitochondria have sep- 
arate and independently regulated nucleotide pools 
and distinct thymidine kinase. Mitochondria depend 
more on the thymidine salvage pathway than on the de 
novo synthetic pathway. Mitochondrial DNA con- 
stantly replicates, even in quiescent cells. Therefore a 
constant supply of nucleotides is essential for the 
maintenance of the mitochondrial genome. Because of 
these unique properties of mitochondria, the imbal- 
ance in nucleotide pools probably affects mitochon- 
drial DNA more adversely than nuclear DNA, impair- 
ing mitochondrial DNA replication, repair, or both, 
and resulting in mitochondrial DNA depletion and 
multiple deletions. 

Thymidine phosphorylase also has extracellular 
functions and is involved in angiogenesis and cell 
trophism. Thymidine phosphorylase is also called en- 
dothelial cell growth factor 1, because of its angio- 
genetic properties, and gliostatin, to denote its in- 
hibitory effects on glial cell proliferation. MNGIE pa- 
tients do not have vascular problems, suggesting that 
decreased thymidine phosphorylase activity does not 
interfere with normal angiogenesis. 

The nature of the nervous system pathology in 
MNGIE is enigmatic. In both the CNS and PNS, 
myelin and axons are involved, but myelin more so 
than axons. It is remarkable that in PNS histopatho- 
logical abnormalities are associated with evident 
signs of dysfunction (peripheral polyneuropathy, vis- 
ceral neuropathy), whereas patients rarely have overt 
signs of CNS dysfunction. This and the nature of the 
histopathological findings constitute arguments for 
abnormal myelination (dysmyelination) rather than 
demyelination. 



No successful treatment is available. The use of coen- 
zyme Q, vitamin C, thiamin, riboflavin, and other 
vitamins does not halt progression of the disease. 
Treatment in MNGIE is largely supportive. Manage- 
ment of the gastrointestinal and nutritional problems 
is important. Parenteral nutrition may be necessary. 
Pharmacotherapy and celiac plexus neurolysis may 
achieve symptomatic pain relief in selected cases. 



27.5 Magnetic Resonance Imaging 

In MNGIE CT reveals diffuse hypodensity of cerebral 
and cerebellar white matter. MRI shows diffuse high 
signal intensity of cerebral and cerebellar white mat- 
ter on T 2 -weighted and FLAIR images, and usually 
but not invariably sparing of the U fibers and corpus 
callosum (Figs. 27.1 and 27.2). The thalami and basal 
ganglia may display patchy signal abnormalities 
(Fig. 27.1), but are spared in other patients (Fig. 27.2). 
The internal capsule, external capsule, brain stem, 
and middle cerebellar peduncles may be involved as 
well. In some patients the white matter abnormalities 
on MRI are more limited in extent and involve the 
periventricular white matter most prominently. 




Fig. 27.2. A 1 7-year-old patient with MNGIE. Note the diffuse- 
ly high signal intensity of the cerebral white matter on thisT 2 - 
weighted MR image. The corpus callosum, internal capsule, 
and optic radiation are spared. From Simon et al. (1990), with 
permission 
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Fig. 27.1. The FLAIR images of a 47-year-old patient with 
MNGIE show diffuse signal abnormalities of the cerebral white 
matter with sparing of the corpus callosum.The basal ganglia, 



thalami,and brain stem contain areas of abnormal signal. The 
cerebellar white matter is not affected. From Labauge et al. 
(2002), with permission 



Chapter 28 



Leigh Syndrome 

and Mitochondrial Leukoencephalopathies 



28.1 Clinical Features 

and Laboratory Investigations 

Leigh syndrome, also called subacute necrotizing 
encephalomyelopathy, is a neurodegenerative disor- 
der mainly occurring in infancy and childhood. The 
disease often starts before 1 year of age and leads to 
death in months or years. Juvenile and adult-onset 
forms have also been described. In most cases the dis- 
ease has an autosomal recessive inheritance; in some 
cases inheritance is maternal or X-linked. Both sexes 
are affected, but among infants there is a 3:2 male 
predominance. The course can be acute, subacute, 
episodic, or chronically progressive. Generally, the 
later the onset, the slower the progression of the dis- 
ease. 

Although Leigh syndrome is a multisystem disor- 
der, the clinical picture is dominated by signs of CNS 
dysfunction. In patients with neonatal and infantile 
onset, frequent signs are respiratory problems (irreg- 
ular respiration, apnea, sighing, and hyperventila- 
tion), ocular abnormalities (strabismus, bizarre eye 
movements, external ophthalmoplegia, ptosis, optic 
atrophy, nystagmus, loss of vision, impaired pupillary 
reaction, retinal pigmentary degeneration), hypoto- 
nia, pyramidal signs (spastic paresis, hyperreflexia, 
extensor plantar reflexes), weakness, easy fatigability, 
and feeding problems (anorexia, difficulty in swal- 
lowing or sucking, vomiting, weight loss, and retard- 
ed growth). Episodes of lethargy, seizures, deafness, 
renal tubular dysfunction, and cardiac problems (car- 
diomyopathy and disturbances of cardiac rhythm 
with periods of tachycardia and bradycardia) may al- 
so be present. The same problems are frequent in lat- 
er-onset forms of the disease, in addition to mental 
and motor retardation or deterioration, exercise in- 
tolerance, cerebellar signs (ataxia, dysarthria), and 
extrapyramidal signs (rigidity, hypokinesia, chorea, 
athetosis, myoclonus, tremor, ballismus). Sometimes 
there are signs of a peripheral polyneuropathy. In cas- 
es of acute onset, coma and convulsions, sometimes 
status epilepticus, may dominate the clinical picture. 
Causes of death are neurogenic disturbances of respi- 
ration, status epilepticus, sudden coma, pneumonia, 
hyperpyrexia, and cardiac problems. 

Leigh syndrome is caused by a number of inborn 
errors of energy metabolism. Frequent causes are 
pyruvate dehydrogenase complex deficiency, com- 
plex I (NADH coenzyme Q reductase, NADHiubi- 



quinone oxidoreductase) deficiency, complex II (suc- 
cinate dehydrogenase, succinateiubiquinone oxido- 
reductase) deficiency, complex IV (cytochrome c oxi- 
dase) deficiency, and defects in subunit 6 of ATP syn- 
thase (complex V). Most of these defects may also 
lead to extensive leukoencephalopathy. A few patients 
with Leigh syndrome harbor a point mutation in the 
tRNA gene encoding lysine, usually associated with 
MERRF (myoclonus epilepsy and ragged red fibers), 
or have a mitochondrial DNA depletion. 

Pyruvate dehydrogenase complex deficiency results 
in a wide spectrum of neurological disorders. Patients 
may have a neonatal or early-infantile-onset severe 
encephalopathy with profound lactic acidosis and 
early death. Some patients have a neurodegenerative 
course of the disease with an infantile or childhood 
onset and milder lactic acidosis (often typical of 
Leigh encephalopathy). At the mild end of the spec- 
trum patients have mild, intermittent ataxia and nor- 
mal intelligence. In patients with pyruvate dehydro- 
genase complex deficiency, worsening may be pro- 
voked by infections. Peripheral neuropathy has been 
reported in patients with a Leigh-like presentation 
and patients with intermittent ataxia. Patients with a 
neonatal presentation often have dysmorphic fea- 
tures, including a broad nasal bridge, upturned nose, 
micrognathia, low-set and posteriorly rotated ears, 
short fingers and arms, simian creases, hypospadias, 
and anteriorly placed anus. Most patients have a de- 
fect in the E la subunit of the pyruvate dehydrogenase 
complex, with an X-linked mode of inheritance. 
Females can also be symptomatic, depending on the 
pattern of X inactivation. In fact, the number of 
affected females is approximately equal to the num- 
ber of affected males, consistent with a high rate of 
manifestations of the disease in heterozygous fe- 
males. Male patients tend to have a more severe phe- 
notype, but symptomatic females may also have a 
neonatal-onset devastating encephalopathy. Most de- 
fects in the Ei a gene seem to originate in the germline. 

Isolated complex I deficiency most often leads to 
clinical symptoms in the neonatal or infantile period 
or early childhood, but onset may also be later. There 
are a great variety of clinical presentations. Often 
complex I deficiency is a multisystem disorder with 
fatal outcome. Up to 50% of patients with complex I 
deficiency present with Leigh syndrome or Leigh-like 
disease. Other commonly observed phenotypes are 
cardiomyopathy, fatal infantile lactic acidosis, macro- 
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cephaly with leukoencephalopathy, unspecified en- 
cephalopathy, and myopathy. 

Complex II deficiency may lead to Leigh syndrome, 
diffuse leukoencephalopathy, late-onset ataxia and 
optic atrophy, myopathy with exercise intolerance, 
and isolated cardiomyopathy. 

Cytochrome-c oxidase deficiency is associated with 
a wide range of clinical phenotypes including Leigh 
syndrome, leukoencephalopathy, unspecified en- 
cephalopathy, fatal infantile lactic acidosis, hyper- 
trophic cardiomyopathy and myopathy, isolated my- 
opathy, reversible cytochrome-c oxidase deficiency 
confined to skeletal muscle, motor neuron disease, 
spinocerebellar syndrome, myoglobinuria, hepatic 
failure, ketoacidotic coma, and renal tubulopathy. 

Mutations in the mitochondrial gene encoding 
subunit 6 of ATP synthase are associated with two 
main phenotypes: the NARP syndrome (NARP stand- 
ing for neurogenic weakness, ataxia, and retinitis pig- 
mentosa, or neuropathy, ataxia, and retinitis pigmen- 
tosa) and maternally inherited Leigh syndrome. 
Other clinical features of NARP include mental retar- 
dation, dementia, seizures, behavioral problems, sen- 
sorineural deafness, and proximal muscle weakness. 
The severity of the phenotype is correlated with the 
load of the heteroplasmic mutation. Symptoms usual- 
ly appear when mutant mitochondrial DNA exceeds 
60%; retinal-dystrophy-related visual loss is the most 
prevalent symptom in the 60-75 % range of mutant 
mitochondrial DNA; full-blown NARP syndrome 
usually occurs at between 75% and 90% heteroplas- 
my; whereas Leigh syndrome usually occurs at mu- 
tant mitochondrial DNA levels above 90%. In a few 
patients retinal dysfunction occurs at mutant loads 
even lower than 60 % and manifests in an age-related 
fashion. Mutant loads tend to increase from mother to 
child, most frequently with a very rapid "leap" toward 
mutant homoplasmy. In some families, the mutation 
can only be demonstrated in the patient and not in 
the mother, other children, or maternal relatives, sug- 
gesting the possibility of a de novo mutation during 
oogenesis or after fertilization, or a germline muta- 
tion in the mother. 

Laboratory investigations in Leigh syndrome re- 
veal blood levels of lactate and pyruvate to be typical- 
ly but not invariably elevated. In CSF, lactate and 
pyruvate are usually elevated. CSF protein is in- 
creased in about half of the patients. EEG shows nor- 
mal findings or nonspecific abnormalities including 
diffuse or focal slowing and epileptic phenomena. 
EMG is either normal or shows signs of denervation 
or signs of a myopathy. Nerve conduction velocity is 
either normal or reduced. On biochemical analysis of 
intact mitochondria in muscle biopsy tissue, variable 
defects are encountered. Analysis of mitochondrial 
DNA may reveal mutations, whereas in some other 
cases defects in nuclear genes are encountered. 



Since Leigh syndrome is a serious condition, pre- 
natal diagnosis is important for families. In most 
cases of pyruvate dehydrogenase complex deficiency, 
the defect is in the E la subunit and the condition is 
X-linked. Mutation analysis is the preferred method 
for prenatal diagnosis. Affected male fetuses are like- 
ly to have a phenotype similar to that of previous 
affected male siblings. The problem is that the clinical 
presentation of an affected female cannot be predict- 
ed, since there is no way of assessing the X chromo- 
some inactivation pattern in the fetal brain. In all 
mitochondrial defects with an autosomal recessive 
mode of inheritance, DNA-based prenatal diagnosis 
is possible as soon as the basic defect is known in the 
family. Prenatal diagnosis may also be considered if 
the complex I deficiency is expressed in both skeletal 
muscle and skin fibroblasts to rule out tissue speci- 
ficity and if no mitochondrial DNA defects have been 
established or suspected. The situation is much more 
complicated for mitochondrial DNA mutations. The 
mother carrying a mitochondrial DNA mutation 
conveys the mutation to all her offspring. The clinical 
phenotype of these children is mainly determined by 
the load of mutated mitochondrial DNA in different 
tissues. As a consequence of the heteroplasmy, a 
chorionic villus sample may not be representative of 
the level of mutant mitochondrial DNA in the em- 
bryo. In addition, the level of mutant mitochondrial 
DNA may be different for different tissues within the 
embryo and change over time. A reliable prediction of 
the phenotype is therefore impossible. The mutations 
in the ATP synthase 6 gene are an exception. The dis- 
tribution of mutant load among tissues is generally 
uniform in patients, lacking the skewed segregation 
seen in other mitochondrial DNA mutations, and 
there is a good genotype-phenotype correlation. 
These factors make it possible to provide reliable 
genetic counseling and prenatal diagnosis. 



28.2 Pathology 

The brunt of histopathological abnormalities in Leigh 
syndrome is borne by the central gray matter. The 
most consistent site of lesions is the brain stem gray 
matter. The lesions are usually bilateral, although not 
necessarily symmetrical. They are sharply delineated 
and not confined to the gray matter structures but of- 
ten spread into the white matter. Preferential sites of 
affection are the periaqueductal region and brain 
stem tegmentum, posterior colliculi, substantia nigra, 
floor of the fourth ventricle, red nuclei, inferior oli- 
vary nuclei, dentate nuclei, putamen, caudate nucleus, 
and globus pallidus. Thalamus, hypothalamus, and 
subthalamic nuclei may also be involved, but less 
often. In the spinal cord, lesions are mainly located in 
the anterior horns, dorsal columns, and pyramidal 
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tracts. Lesions rarely occur in the cerebral or cerebel- 
lar cortex or mammillary bodies. Exceptional cases 
with predominant cerebral and cerebellar cortical 
damage have been described. Microscopic examina- 
tion of the lesions shows a marked sponginess with 
loosening and rarefaction of the neuropil. There is a 
characteristic intense capillary proliferation. Astro cy- 
tosis and microglial proliferation are present and 
macrophages may occur. Nerve cells are remarkably 
well preserved, although there maybe some nerve cell 
loss. The spongy lesions contain numerous vacuoles, 
enclosed by single or double membranes. Myelin 
splitting may contribute to the vacuolation. Cavita- 
tion and tissue collapse is the end result in most 
severe lesions. 

In the majority of the cases the white matter is well 
preserved, but sometimes there is also extensive 
involvement of cerebral and cerebellar white matter, 
often with sparing of the corpus callosum and inter- 
nal capsule. The white matter abnormalities are char- 
acterized by sponginess, deficient myelin formation, 
myelin loss, abundant presence of lipid-laden 
macrophages, marked capillary proliferation, promi- 
nent gliosis, and eventually also axonal loss. In all 
areas there is a gradient of damage, so that myelin 
sheaths and dendrites degenerate before axons and 
cell bodies do. In some patients the affected white 
matter is partially cystic, sometimes even extensively 
cavitated. The optic nerves and tracts are often affect- 
ed by demyelination and gliosis. 

In patients with a neonatal-onset encephalopathy 
related to pyruvate dehydrogenase complex deficien- 
cy, neuropathological findings are dominated by 
signs of dysgenesis of the CNS, with agenesis of the 
corpus callosum, dilatation of the ventricular system, 
dysplasia and ectopia of the inferior olivary nuclei, 
dysplasia of the dentate nuclei, absence or hypoplasia 
of the medullary pyramids, periventricular neuronal 
heterotopias, and delayed or deficient myelination. 
Degenerative findings, which may also be present, in- 
clude gliosis and cystic degeneration of the white 
matter and vascular proliferation in the white matter 
and striatum. In patients with pyruvate dehydroge- 
nase complex deficiency and intermittent ataxia, neu- 
ropathological findings consist of atrophy of cerebel- 
lar structures. 

In the sural nerve, signs of demyelination and re- 
myelination have been found as well as loss of myeli- 
nated and unmyelinated axons. Ragged red fibers are 
found in muscle tissue of some patients. 



28.3 Pathogenetic Considerations 

Leigh syndrome is caused by a number of inborn er- 
rors of energy metabolism. Frequent causes are pyru- 
vate dehydrogenase complex deficiency, complex I 



(NADH coenzyme Q reductase) deficiency, complex 
II (succinate dehydrogenase) deficiency, complex IV 
(cytochrome-c oxidase) deficiency, and subunit 6 of 
ATP synthase (complex V) deficiency. Rarely, patients 
with Leigh syndrome harbor a point mutation in the 
tRNA gene encoding lysine, usually associated with 
MERRF (myoclonus epilepsy and ragged red fibers), 
or mitochondrial DNA depletion. 

The pyruvate dehydrogenase multienzyme com- 
plex catalyzes the thiamine-dependent oxidative de- 
carboxylation of pyruvate to acetyl Co A in the mito- 
chondrial matrix. The complex contains three catalyt- 
ic components: pyruvate dehydrogenase (EJ, di- 
hydrolipoyl transacetylase (E 2 ), and dihydrolipoyl 
dehydrogenase (E 3 ); two regulatory components, 
Ei -kinase and E x -phosphatase; and protein X, a dihy- 
drolipoamide dehydrogenase binding protein, neces- 
sary for proper interaction between the E 2 and E 3 
components. The E x subunit is a heterotetramer com- 
posed of two a and two p subunits. The E x subunit 
contains a thiamin pyrophosphate binding site that is 
shared by the a and p subunits. The gene for the E lot 
subunit, PDHA1, is located on the X chromosome. 
There is an autosomal counterpart located on chro- 
mosome 4. The Eip subunit gene, PDHB, is located on 
chromosome 3. The E 2 subunit is encoded by a gene 
on chromosome 3. The gene for the E 3 subunit, PHE3, 
is located on chromosome 7. The gene for protein X, 
PDX1, is located on chromosome 11. Pyruvate dehy- 
drogenase deficiencies are most often associated with 
mutations in the gene that encodes the E la subunit of 
the complex. Primary defects in the other genes en- 
coding other subunits of the complex are very rare. 
Consequently, transmission of pyruvate dehydroge- 
nase deficiency occurs most often in an X-linked 
fashion, but sometimes in an autosomal recessive 
fashion. 

Complex I (NADH coenzyme Q reductase, NADH: 
ubiquinone oxidoreductase) represents the largest 
complex of the mitochondrial electron transfer chain 
and consists of at least 35 nuclear-encoded subunits 
(NDUFV1-3, NDUFA1-10, NDUFAB1, NDUFB1-10, 
NDUFS 1-8, NDUFC 1 -2, and a 1 7.2-kDa subunit), and 
7 mitochondrial-encoded subunits (ND1-6, ND4L). 
The overall function of the complex is to pass elec- 
trons from NADH to ubiquinone while pumping hy- 
drogen ions out of the mitochondrial matrix into the 
inner membrane space. Complex I deficiency has an 
autosomal recessive or maternal mode of inheritance. 

Complex II, or succinate:ubiquinone oxidoreduc- 
tase, consists of a flavoprotein and an iron-sulfur pro- 
tein, which together constitute the soluble enzyme 
succinate dehydrogenase. In addition, there are two 
membrane-anchored proteins. It catalyzes the oxida- 
tion of succinate to fumarate in the Krebs cycle and 
carries electrons to the ubiquinone pool of the respi- 
ratory chain. All four subunits of the complex are en- 
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coded by nuclear DNA. Complex II deficiencies have 
an autosomal recessive mode of inheritance. 

Complex IV, or cytochrome-c oxidase, catalyzes 
the transfer of electrons from reduced cytochrome c 
to molecular oxygen. It is composed of 13 subunits, 10 
of which are encoded by nuclear genes and 3 by mito- 
chondrial genes. The catalytic core of the complex 
consists of the proteins COX I, COX II, and COX III, 
encoded by the mitochondrial genes COI, COII, and 
COIIIy respectively. Heteroplasmic mutations in these 
three genes have been found in cytochrome c defi- 
ciency. Additionally, mutations in the mitochondrial 
tRNA gene for tryptophan and the tRNA gene for 
isoleucine may underlie a selective cytochrome-c 
oxidase deficiency. In these rare patients with a muta- 
tion in mitochondrial DNA, the disease has a mater- 
nal mode of inheritance. Autosomal recessive inheri- 
tance is much more common for cytochrome-c oxi- 
dase deficiency. Despite intensive studies, mutations 
have not been identified in any of the 10 nuclear-en- 
coded genes in patients with an autosomal recessive 
cytochrome-c oxidase deficiency. In order to assem- 
ble a functional cytochrome-c oxidase complex, addi- 
tional nuclear-encoded proteins, assembly factors, are 
necessary, including SURF1, SCOl, SC02, COX10, 
COX11, COX15, and COX17. Mutations in SURF1, 
SCOl, SC02, COX10, and COX15 have been identified 
in patients with cytochrome-c oxidase deficiency. The 
genetic defect in the majority of the patients with 
cytochrome-c oxidase deficiency is still unknown. 
Mutations in SURF1 most often lead to Leigh syn- 
drome, but may also lead to a severe leukoen- 
cephalopathy. Mutations in COX10 have been de- 
scribed in association with leuko encephalopathy and 
tubulopathy. However, mutations in SURF1 and 
COX10 may also be associated with other phenotypes. 
Recently, mutations in the gene LRPPRC have been 
found in patients with cytochrome-c oxidase defi- 
ciency and Leigh syndrome (the so-called French- 
Canadian subtype). The precise function of LRPPRC 
protein is presently not known. 

Defects in subunit 6 of ATP synthase (complex V of 
the respiratory chain) are most frequently caused by 
the T8993G mutation in the mitochondrial DNA. The 
same mutation is associated with NARP. Defective 
catalytic properties of the enzyme complex may re- 
sult from an impairment of the proton transport or 
from impaired coupling of proton translocation with 
ATP synthesis. There is a clear-cut reduction in the 
rate of ATP synthesis in patient cells with a high load 
of mutant mitochondrial DNA. The T8993C mutation 
is observed less frequently and seems to be associat- 
ed with a somewhat less severe phenotype and a less 
severe reduction in the rate of ATP synthesis. The 
T9176C and T8851C mutation in the same gene have 
also been found in some patients with Leigh syn- 



drome. These mutations have a maternal mode of in- 
heritance. 

A few patients with Leigh syndrome were found to 
harbor a point mutation in the mitochondrial tRNA 
gene for lysine, A8344G or G8363A, usually associated 
with MERRF (myoclonus epilepsy and ragged red 
fibers). 

All defects underlying Leigh syndrome affect ener- 
gy metabolism. There is a striking clinical and mor- 
phological similarity between Leigh syndrome and 
thiamine deficiency (beriberi). Thiamine is part of 
the pyruvate dehydrogenase, ketoglutarate dehydro- 
genase, and branched-chain keto acid dehydrogenase 
complexes, and deficiency leads to a disturbance in 
oxidation of pyruvate and consequently to energy 
failure. The only histopathological differences be- 
tween thiamine deficiency and Leigh syndrome are 
that in thiamine deficiency the mammillary bodies 
are mostly involved and the substantia nigra is 
not, whereas in Leigh syndrome it is the substantia 
nigra that is often involved and the mammillary 
bodies rarely are. These differences, however, are not 
absolute. 



28.4 Therapy 

Therapeutic success is limited in Leigh syndrome. An 
important problem is that most of the brain damage 
is irreversible. Supportive care is important. Other 
possible therapeutic strategies include the removal of 
toxic metabolites, administration of artificial electron 
acceptors, administration of cofactors, administra- 
tion of radical scavengers, and dietary interventions. 

L-carnitine supplementation may have a nonspe- 
cific beneficial effect, in particular if toxic organic 
acid intermediates are present. Dichloroacetate has 
been used to lower blood and CSF lactate levels. Vari- 
able favorable results have been reported following 
the use of riboflavin (vitamin B 2 ), nicotinamide, 
coenzyme Q 10 , vitamin C and menadione (vitamin 
K 3 ) in respiratory chain defects. 

Thiamine treatment is effective in some patients 
with pyruvate dehydrogenase complex deficiency. 
The most rational therapeutic strategy in pyruvate 
dehydrogenase complex deficiency is the use of a ke- 
togenic diet. Oxidation of fatty acids and ketone bod- 
ies provides alternative sources of acetyl-CoA not de- 
rived from pyruvate. This acetyl-CoA enters the citric 
acid cycle, thus bypassing the block at the level of 
pyruvate dehydrogenase. Dichloroacetate, a structur- 
al analogue of pyruvate, inhibits E x kinase, thereby 
keeping any residual E x in its active, dephosphorylat- 
ed, form. Despite these therapeutic interventions, the 
outcome in patients with serious neurological disease 
is generally poor. 
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28.5 Magnetic Resonance Imaging 

Irrespective of the underlying defect, the most com- 
monly reported abnormalities on CT and MRI in 
Leigh syndrome involve the basal nuclei and brain 
stem (Figs. 28.1, 28.3, 28.9, 28.10, 28.14-28.16). The 
putamen and caudate nucleus are the most frequent- 
ly affected, but the globus pallidus, subthalamic nu- 
cleus, dentate nucleus, substantia nigra, tegmentum 
of the pons, periaqueductal gray, red nucleus, the 
medulla, and other brain stem structures are also fre- 
quently involved. The colliculi, thalamus, hypothala- 
mus, and cortex are less often involved. Although the 
lesions are often symmetrical, they may also be asym- 
metrical. These lesions may be swollen during the 
acute stage, may improve and become smaller, or may 
develop into focal atrophy or cystic lesions. During 
the acute stage, contrast enhancement may be pre- 
sent. Generalized cerebral and cerebellar atrophy has 
also been reported, and some of these patients devel- 
op secondary subdural effusions. Depending on the 
onset of the clinical symptomatology, myelination 
may be delayed or totally deficient. 

Incidentally, focal or, more often, diffuse white 
matter abnormalities are seen on MRI, involving the 
cerebral white matter and often also the cerebellar 
white matter (Figs. 28.4-28.8 and 28.10-28.13). In 
some patients, the white matter disease is most 
prominent in the subcortical white matter; in some 
patients the white matter disease is mainly periven- 
tricular with sparing of the U fibers, whereas in other 
patients the cerebral white matter abnormalities are 
diffuse. Small cysts (or, in some patients, large cysts) 
may develop within the abnormal white matter 
(Figs. 28.4-28.6, 28.8, 28.10, 28.12, and 28.13) and 
their presence is particularly suggestive of a mito- 
chondrial disease. The cysts are generally well delin- 
eated. This is in contrast with the diffuse melting away 
pattern of cystic degeneration usually seen in vanish- 
ing white matter disease. Foci of contrast enhance- 
ment within the abnormal white matter is another 
feature suggestive of a mitochondrial disorder and is, 
for instance, not seen in vanishing white matter dis- 
ease (Figs. 28.5, 28.6, and 28.13). The concomitant 
presence of Leigh-like gray matter lesions is also sug- 
gestive of a mitochondrial disease. 

The reported white matter abnormalities for each 
basic defect are specified below: 

Pyruvate dehydrogenase complex deficiency is 
incidentally associated with diffuse leuko encephalo- 
pathy. Patients with neonatal presentation of pyru- 
vate dehydrogenase complex deficiency usually have 
a distinct MRI pattern (Fig. 28.2) with signs of dysge- 
nesis of the brain, including hypoplasia or agenesis of 
the corpus callosum and highly dilated lateral ventri- 
cles and third ventricle with a normal fourth ventri- 
cle. The cerebellum may be small with a cystic space 



behind it. In other neonates, these dysgenetic changes 
are not seen, but the white matter has an abnormal 
and swollen appearance and there may be multiple 
subependymal cysts. In patients with episodic cere- 
bellar ataxia, cerebellar atrophy may be seen. 

Patients with isolated complex I deficiency may 
present with extensive cerebral leukoencephalopathy 
with initial swelling of the abnormal white matter and 
followed by macrocystic degeneration (Figs. 28.4 and 
28.5). Focal areas of contrast uptake may be present 
(Figs. 28.5). A periventricular rim of white matter is 
sometimes spared. The corpus callosum is often in- 
volved, usually most seriously in its posterior part 
(Figs. 28.5). The cerebral or cerebellar cortex may be 
abnormal in signal with subsequent development of 
cortical atrophy (Fig. 28.5). There may also be lesions 
in the basal ganglia, thalamus, cerebellum, and brain 
stem. In other patients there are cerebral white matter 
abnormalities but they are less impressive and not 
cystic. 

In complex II deficiency extensive cerebral white 
matter abnormalities may occur in the presence or 
absence of basal ganglia and thalamus lesions 
(Figs. 28.6-28.8). The U fibers tend to be spared. The 
corpus callosum may be involved in the process, often 
more seriously in its posterior part (Figs. 28.6 and 
28.7). Focal areas of contrast enhancement may be 
present (Fig. 28.6). The abnormal white matter may 
be partially cystic (Figs. 28.6 and 28.8). Additional 
brain stem white and gray matter lesions may be pre- 
sent. The cerebellar white matter may also be in- 
volved. 

In cytochrome-c oxidase deficiency, diffuse or less 
extensive leukoencephalopathy has been reported in- 
volving cerebral white matter (Figs. 28.10-28.13). The 
corpus callosum may also be involved (Figs. 28.10, 
28.12, and 28.13). The internal capsule, cerebellar 
white matter, and U fibers are more variably affected. 
The abnormal white matter may contain small cysts 
(Figs. 28.10, 28.12, and 28.13), sometimes many cysts. 
The basal ganglia, thalamus, subthalamic nucleus, 
dentate nucleus, and brain stem may be normal or 
contain lesions (Figs. 28.10 and 28.11). After contrast, 
focal enhancement may be seen, probably occurring 
in necrotic lesions (Fig. 28.13). 

In Leigh syndrome and NARP related to a muta- 
tion in the mitochondrial gene encoding the ATP syn- 
thase 6 subunit, leukoencephalopathy has not been 
reported. 

Proton MRS of the brain usually reveals elevated 
lactate in the brain of patients with Leigh syndrome, 
most prominently in lesion areas. In diffuse cerebral 
white matter abnormalities with cystic degeneration, 
the presence of highly elevated lactate is an argument 
in favor of an underlying mitochondrial defect and 
against vanishing white matter disease. In pyruvate 
dehydrogenase complex deficiency, additionally ele- 
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Fig. 28.1. An 8-year-old boy with pyruvate dehydrogenase 
complex deficiency and episodic neurological deterioration 
with Leigh-like features.There are lesions in the posterior part 



of the corpus callosum, globus pallidus, substantia nigra, and 
dentate nucleus.The globus pallidus lesions are a typical fea- 
ture of pyruvate dehydrogenase complex deficiency 



vated pyruvate may be detectable at 2.37 ppm. In suc- 
cinate dehydrogenase deficiency, highly elevated suc- 
cinate is seen within the abnormal white matter in ad- 
dition to the elevated lactate. Succinate is represented 
by a resonance at 2.40 ppm. More details and illustra- 
tions are found in Chap. 108. 
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Fig. 28.2. An 8-month-old girl with pyruvate dehydrogenase 
complex deficiency and neonatal presentation. She has a 
severely dysgenetic brain with highly dilated lateral ventricles, 



a very thin cerebral mantle, absence of the corpus callosum, a 
cyst in the left frontal area, and a small cerebellum 



Fig. 28.3. A 3-year-old boy with isolated complex I deficiency, 
related to mutations in the NDUFS7 subunit, and a Leigh-like 
presentation. The T 2 -weighted {first and second row) and FLAIR 
images {third row) show lesions in the medial thalamus, mid- 
brain (including the periaqueductal gray), dentate nucleus, 
and medulla. Sagittal T r weighted images {fourth row) without 
{left) and with contrast {middle and right) show enhancement 
of small spots within the areas of abnormal signal 
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Fig. 28.3. 
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Fig. 28.4. A 1 -year-old girl with complex I deficiency related 
to a mutant NDUFV1 subunit of mitochondrial complex I 
(Schuelke et al. 1999). Clinically she has a severe encephalo- 
pathy and macrocephaly. The MRI reveals a diffuse leuko- 
encephalopathy with macrocystic degeneration. Courtesy of 
Dr. J.A.M. Smeitink, Department of Department of Pediatrics, 
Nijmegen Center for Mitochondrial Disorders, University Hos- 
pital Nijmegen, Nijmegen,The Netherlands 
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Fig. 28.5. A 1 9-month-old boy with isolated complex I defi- 
ciency. There are extensive, partially focal, but largely conflu- 
ent cerebral white matter abnormalities. The internal capsule 
is spared, while the periventricular rim is partially spared.The 
corpus callosum is severely involved.The coronal FLAIR image 
{third row, left) shows that the abnormal white matter is par- 
tially cystic. The sagittal {first row, left) and transverse {second 
row, right) T 2 -weighted images and the coronal FLAIR image 
{third row, left) demonstrate that the cerebellar cortex is dif- 



fusely abnormal. The ^-weighted images without {third row, 
middle) and with contrast {third row, right) demonstrate that 
there are foci of contrast enhancement within the abnormal 
white matter, most of all the posterior part of the corpus callo- 
sum. From Wolf et al. (2003), with permission; also courtesy of 
Dr. W. Evert, Children's Hospital Offenbach, and Dr. N. Rilinger, 
Central Institute for Diagnostic and Interventional Radiology, 
Offenbach, Germany 



234 Chapter 28 Leigh Syndrome and Mitochondrial Leukoencephalopathies 




Fig. 28.6. 
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Fig. 28.6. {continued). A 2-year-old boy with complex II defi- 
ciency. The are extensive cerebral white matter abnormalities 
with sparing of the U fibers. The corpus callosum, posterior 
limb of the internal capsule, and corticospinal tracts in the 
brain stem are also involved. The sagittal ^-weighted image 
and the transverse proton density images {first row) reveal that 



the corpus callosum and cerebral white matter are partially 
cystic. There is a slit in the corpus callosum over its entire 
length. The T r weighted images without {fourth row) and with 
contrast [fifth row) demonstrate that there are foci of contrast 
uptake in the abnormal white matter. From Brockmann et al. 
(2002), with permission 



236 Chapter 28 Leigh Syndrome and Mitochondrial Leukoencephalopathies 




Fig. 28.7. An 11 -month-old girl with complex II deficiency. 
There are extensive signal abnormalities in the periventricular 
and deep cerebral white matter and corpus callosum. There 
are signal abnormalities in the cerebellar white matter, middle 



cerebellar peduncles,and lateral parts of the pons.Myelination 
is delayed for the age of the child. From Brockmann et al. 
(2002), with permission 



Fig. 28.8. A 1 -year-old girl with complex II deficiency. The 
cerebral white matter is diffusely abnormal. The corpus callo- 
sum, posterior limb of the corpus callosum, corticospinal tracts 
in the brain stem, middle cerebellar peduncles, and cerebellar 
white matter are also involved. There are small, well-delineat- 



ed cysts within the abnormal cerebral white matter, best seen 
on the sagittal T r weighted images {first row) and axial FLAIR 
images {fourth row). Courtesy of Dr. A. Bizzi, Department of 
Neuroradiology, and Dr. G. Uziel, Department of Child Neuro- 
logy, Istituto Nazionale Neurologico C. Besta, Milan, Italy 
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Fig. 28.8. 



238 Chapter 28 Leigh Syndrome and Mitochondrial Leukoencephalopathies 



Fig. 28.9. A 3-year-old boy with cytochrome-c oxidase defi- and multiple nuclei in the medulla. From Rossi et al. (2003), 
ciency related to SURF1 mutations.There are signal abnormal- with permission 
ities in the posterior part of the putamen,the subthalamic nu- 
cleus, substantia nigra, dentate nucleus, periaqueductal gray, 
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Fig. 28.1 0. A 2.5-year-old girl with cytochrome-c oxidase defi- 
ciency related to SURF1 mutations.There are signal abnormal- 
ities in the subthalamic nucleus, substantia nigra, periaque- 
ductal gray,dentate nucleus, posterior limb of the internal cap- 



sule, corpus callosum, and the cerebral hemispheric white 
matter, posterior more than anterior.The abnormal white mat- 
ter contains small cysts. From Rahman et al. (2001), with per- 
mission 
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Fig. 28.11. A 1.5-year-old boy with cytochrome-c oxidase 
deficiency. There are signal abnormalities in the subthalamic 
nucleus, dentate nucleus, substantia nigra, and nuclei in the 
medulla. In addition, there are white matter abnormalities 
involving the periventricular parieto-occipital region and pos- 



terior limb of the internal capsule. Courtesy of Dr. M.Savoiardo, 
Department of Neuroradiology, and Dr. G. Uziel, Department 
of Child Neurology, Istituto Nazionale Neurologico C. Besta, 
Milan, Italy 
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Fig. 28.1 2. Girl with cytochrome-c oxidase deficiency.The first 
MRI was obtained when she was aged 2.5 years {first row). 
These proton density images show extensive signal abnormal- 
ities involving all cerebral white matter including the corpus 
callosum, but sparing the U fibers. The images suggest some 
cystic degeneration, with a lower signal in some white matter 
areas. Follow-up MRI 10 years later {second and third row) re- 



veals atrophy of the affected white matter. The coronal FLAIR 
images {third row) confirm the partial cystic degeneration. The 
deep cerebellar white matter is also affected. Courtesy of Dr. M. 
Savoiardo, Department of Neuroradiology, and Dr. G. Uziel, De- 
partment of Child Neurology, Istituto Nazionale Neurologico 
C.Besta, Milan, Italy 
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Fig. 28.13. Boy with isolated complex I deficiency. The first 
MR I {first row; second row, left and middle) was obtained at 
presentation at 3 years of age. Note the extensive signal ab- 
normalities in the posterior cerebral white matter and posteri- 
or part of the corpus callosum.The abnormal white matter is 
partially cystic. There are foci of contrast enhancement within 
the abnormal white matter {second row, middle). The cerebellar 



white matter is partially involved {first row, right). The second 
MRI {second row, right, and third row) was obtained after 3 
months and shows progression of the white matter abnormal- 
ities. Only the U fibers are still spared, more so in the anterior 
than the posterior part of the brain. The corpus callosum is 
now involved throughout. From Topcu et al. (2000), with per- 
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Fig. 28.14. An 8-month-old boy with Leigh syndrome related putamen, globus pallidus, medial thalamus, substantia nigra, 
to a mutation in the mitochondrial gene encoding the ATP and periaqueductal gray. Myeli nation is delayed, but there are 
synthase 6 subunit. There are lesions in the caudate nucleus, no white matter lesions 
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Fig. 28.15. A 2.5-year-old girl with Leigh syndrome related to an ATP synthase 6 subunit mutation. There is severe cerebral and 
cerebellar atrophy. Myeli nation is delayed. Faint lesions are visible in the basal ganglia, midbrain, and pontine tegmentum 




Fig. 28.1 6. A 38-year-old man with NARP and an ATP synthase 
6 subunit mutation. There are lesions in the substantia nigra, 
caudate nucleus, putamen, and, most prominently, the globus 



pallidus. In addition, the cerebellum is atrophic. There are no 
white matter lesions 



Chapter 29 

Pyruvate Carboxylase Deficiency 



29.1 Clinical Features 

and Laboratory Investigations 

Pyruvate carboxylase deficiency (PCD) is a rare dis- 
order with autosomal recessive inheritance. General- 
ly, three clinical and biochemical phenotypes of 
isolated pyruvate carboxylase deficiency can be dis- 
tinguished. The group A or North American form or 
infantile form is less severe than the group B pheno- 
type. Patients become symptomatic between 2 and 5 
months of age with developmental delay, failure to 
thrive, apathy, hypotonia, spasticity, ataxia, nystag- 
mus, and convulsions. Episodes of vomiting, tachy- 
pnea, tachycardia, ataxia, and lactic acidosis occur, 
precipitated by metabolic or infectious stress. Some 
patients die in the infantile period, while most of the 
survivors are grossly retarded. The group B or French 
form or neonatal form presents in the neonatal peri- 
od with severe lactic acidemia and is clinically char- 
acterized by failure to thrive, anorexia, vomiting, 
hepatomegaly, weak cry, convulsions, stupor, hypore- 
activity, irritability, hypotonia, tachypnea, dyspnea, 
respiratory failure, and subsequently hypertonia, ex- 
trapyramidal tract signs, and severely retarded devel- 
opment. Some infants have macrocephaly. Almost all 
children die within the first few months of life. The 
third variant is milder and has been described in a 
few exceptional patients who, despite episodic meta- 
bolic derangement with ketoacidosis from infancy 
onwards, have normal or near normal motor and 
mental development. These patients survive at least 
up to the third decade. Formerly, Leigh syndrome was 
thought to represent another clinical phenotype of 
pyruvate carboxylase deficiency, but this could not be 
confirmed. 

In the North American phenotype lactic acidemia 
is associated with a normal lactate to pyruvate ratio. 
There is no hyperammonemia. Alanine and proline 
are elevated. In the French phenotype, laboratory in- 
vestigations reveal lactic acidemia with a highly ele- 
vated lactate/pyruvate ratio and a lowered 3-hydroxy- 
butyrate/acetoacetate ratio. Ketoacidosis and moder- 
ate hyperammonemia are present, and blood levels of 
alanine, citrulline, proline, and lysine are elevated. 
The level of aspartate is often decreased but may also 
be normal. 

Diagnosis is established by demonstrating a defi- 
ciency in pyruvate carboxylase activity in fibroblasts, 
white blood cells, or liver cells. The activity of propi- 



onyl-CoA carboxylase is normal, excluding multiple 
carboxylase deficiency. DNA confirmation is possi- 
ble. Prenatal diagnosis can be performed by enzyme 
assessment in chorionic villi samples or cultured am- 
niocytes. In families with known mutations in the 
pyruvate carboxylase gene, prenatal diagnosis using 
DNA techniques is also possible. 



29.2 Pathology 

In all reported cases, whether of the North American 
or the French phenotype, the brunt of abnormalities 
is borne by the white matter of the CNS. The brain 
may be swollen and the white matter may be friable 
and edematous. The hemispheric white matter is 
often grossly cystic, the cysts being located either in 
the periventricular or in the deep white matter. 
Subependymal cysts may also occur. Cystic degenera- 
tion tends to be symmetrical, but is not always sym- 
metrical in detail. On microscopic examination dif- 
fuse myelin paucity, sponginess, and gliosis of the 
white matter are found, involving cerebral and cere- 
bellar white matter and sometimes also the base of 
the pons. The myelin paucity is variably described as 
hypomyelination or demyelination. Probably, both 
are important. Perivascular accumulation of foamy 
macrophages is an argument in favor of a component 
of active myelin breakdown. The white matter is de- 
creased in volume in cases of longer duration result- 
ing in enlargement of the ventricular system. The cor- 
pus callosum is thin. 

The condition of the gray matter is variable, but 
gray matter pathology does not dominate. In some 
cases all gray matter structures are completely nor- 
mal. Some have noted depletion of neurons in the 
cerebral cortex. Some have noted that the globus pal- 
lidus, a nucleus rich in myelin, is involved in the 
process of myelin abnormality and loss. Some de- 
scribe cystic degeneration of the deep gray nuclei. 



29.3 Pathogenetic Considerations 

Pyruvate carboxylase is a mitochondrial matrix en- 
zyme, encoded by nuclear DNA. The gene, PC, is locat- 
ed on chromosome llql3.4-13.5. Pyruvate carboxy- 
lase is a homotetramer consisting of four identical 
polypeptides, each with a covalently bound biotin 
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molecule. There are four major biotin-dependent car- 
boxylases: pyruvate carboxylase, propionyl-CoA car- 
boxylase, methylcrotonyl-CoA carboxylase, and 
acetyl-CoA carboxylase. There are no known tissue- 
specific isoenzymes of pyruvate carboxylase. The en- 
zyme catalyzes the conversion of pyruvate, the end 
product of the glycolysis, into oxaloacetate, a citric 
acid cycle intermediate. It replenishes oxaloacetate 
for the citric acid cycle. Oxaloacetate is also in equi- 
librium with aspartate. Oxaloacetate is utilized in the 
synthesis of glucose, fat, some amino acids or their 
derivatives, and several neurotransmitters. The roles 
of pyruvate carboxylase in metabolism are tissue- 
specific. In gluconeogenetic tissue (liver, kidneys), it 
catalyzes the first step in the synthesis of glucose from 
pyruvate. In lipogenic tissue (liver, adipose tissue, lac- 
tating mammary gland, adrenal gland), it participates 
in the export of acetyl groups, such as citrate, from the 
mitochondria to the cytosol. In the CNS, pyruvate 
carboxylase participates in the replenishment of neu- 
rotransmitter pools of glutamate, GABA, and aspar- 
tate. 

Pyruvate carboxylase deficiency can occur as iso- 
lated pyruvate carboxylase deficiency, caused by a 
mutation in the pyruvate carboxylase gene, and as 
multiple carboxylase deficiency related to biotin defi- 
ciency. In isolated pyruvate carboxylase deficiency 
there is a defect in the conversion of pyruvate to ox- 
aloacetate. Availability of the latter metabolite is es- 
sential for citric acid cycle activity. When oxaloac- 
etate synthesis from pyruvate is limited, aspartate is 
converted to oxaloacetate and depletion of aspartate 
occurs. Aspartate is an important component of the 
shuttle mechanism transferring reducing equivalents 
across the mitochondrial membrane. Depletion of as- 
partate leads to accumulation of reducing equivalents 
(NADH) in the cytosol and mitochondrial NADH be- 
comes more oxidized. This altered redox state results 
in an increase in the lactate to pyruvate ratio and a de- 
crease in the p-hydroxybutyrate to acetoacetate ratio. 
Depletion of aspartate also interferes with urea cycle 
activity. Aspartate is a nitrogen donor for the urea cy- 
cle and depletion of aspartate leads to hyperammone- 
mia, citrullinemia, and hyperlysinemia. Accumula- 
tion of acetyl-CoA may also occur under these cir- 
cumstances and result in overproduction of ketone 
bodies. Despite the fact that pyruvate carboxylase is 
an important enzyme in gluconeogenesis, hypo- 
glycemia is not a consistent finding in pyruvate car- 
boxylase deficiency. 

The different phenotypes of pyruvate carboxylase 
deficiency are related to the severity of enzyme defi- 
ciency. Many patients with the French phenotype 
have no immunologically detectable enzyme at all, 
but some have. In patients with the North American 
phenotype, the pyruvate carboxylase enzyme protein 



can be shown to be present with immunological tech- 
niques, although deficient in activity. Presumably, the 
French phenotype is related to absent or almost ab- 
sent residual enzyme activity, whereas in the North 
American phenotype the residual activity is enough 
to ameliorate the most severe symptoms of pyruvate 
carboxylase deficiency. However, environmental fac- 
tors, including intercurrent illnesses and other stress- 
es, such as fasting, may contribute to determining 
outcome. 



29.4 Therapy 

Treatment has proven to be quite difficult and dis- 
appointing in pyruvate carboxylase deficiency. Meta- 
bolic acidosis must be corrected by bicarbonate ther- 
apy. Aspartate supplementation has been recom- 
mended to increase oxaloacetate concentrations and 
overcome aspartate depletion, and some patients 
have actually shown improvement. Glutamine, also a 
precursor of oxaloacetate, may also have a beneficial 
effect. Citrate may result in reduction of the lactic 
acidosis. Thiamine has been advocated to stimulate 
the pyruvate dehydrogenase complex but is ineffec- 
tive. Administration of biotin to stimulate pyruvate 
carboxylase has been beneficial in some patients, but 
in many patients it is disappointing. Avoidance of 
fasting with its attendant gluconeogenetic stimulus 
is important, but high carbohydrate diets and high 
fat diets are not beneficial. Unfortunately, despite all 
therapeutic measures, the neurological outcome 
remains poor. 



29.5 Magnetic Resonance Imaging 

Reports on neuroimaging findings are scarce in pyru- 
vate carboxylase deficiency. CT reveals diffuse hypo- 
density of the cerebral white matter. The white matter 
may be mildly swollen. MRI demonstrates signal ab- 
normalities in the cerebral and cerebellar white mat- 
ter and in brain stem structures, in particular the base 
of the pons (Fig. 29.1). In some patients the white 
matter degeneration is cystic. In the first few months 
of life, subependymal cysts may be seen (Fig. 29.1). 
Probably depending on the stage of the disease, the 
white matter has a swollen appearance (Fig. 29.1) or is 
atrophic. The corpus callosum is thin. In patients with 
severe atrophy, there may be subdural hygromas and 
hematomas. The signal abnormality of the cerebral 
white matter is partly related to delayed myelination; 
progress of myelination is seen over time. The white 
matter abnormalities tend to be diffuse in the early 
changes, but over time and with progress of myelina- 
tion, they become more patchy and multifocal. 
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Fig. 29.1. The T 2 -weighted images of a female infant of 18 There are multiple subependymal cysts along the ventricles, 

days with pyruvate carboxylase deficiency show that the cere- Signal changes are seen in the base of the pons and the cen- 

bral and cerebellar white matter has a higher signal than nor- tral tegmental tracts. Courtesy of Dr. U.Wendel, Department of 

mal for unmyelinated white matter, and is mildly swollen. Pediatrics, University Children's Hospital, Dusseldorf, Germany 



Chapter 30 

Multiple Carboxylase Deficiency 



30.1 Clinical Features 

and Laboratory Investigations 

Two inherited defects in biotin metabolism are 
known: holocarboxylase synthase deficiency and bio- 
tinidase deficiency, both autosomal recessive disor- 
ders. A rare cause of biotin dependency is a genetic 
defect in the transport of biotin. Alimentary biotin 
deficiency is exceptional and may, for instance, be re- 
lated to parenteral nutrition with a formula deficient 
in biotin, short bowel syndrome, or hemodialysis 
without biotin supplementation. Excessive intake of 
avidin, an egg-white glycoprotein that binds specifi- 
cally and irreversibly to biotin, may also result in 
biotin deficiency. All lead to deficiency of multiple 
carboxylases: 3-methylcrotonyl-CoA carboxylase, 
propionyl-CoA carboxylase, pyruvate carboxylase, 
and the two isoenzymes of acetyl-CoA carboxylase. 

The characteristic manifestations of multiple car- 
boxylase deficiency consist of skin disease and neuro- 
logical abnormalities. The skin abnormalities are de- 
scribed as seborrheic or atopic dermatitis. They con- 
sist of nonspecific, patchy, maculopapular, scaly and 
erythematous eruptions; they occur especially in 
moist and periorificial areas. In more severe cases 
lichenification, crusting, and open lesions may occur, 
that may become infected by Candida. The hair is of- 
ten sparse and thin and partial or total alopecia may 
be present that can include the eyebrows and eyelash- 
es. 

Onset of clinical symptoms in patients with holo- 
carboxylase synthase deficiency is between a few 
hours after birth and the age of 2 years. Most patients 
present in the first days or weeks after birth, but oth- 
ers present with acute metabolic derangement later, 
in the 2nd year of life. The symptoms may be precipi- 
tated by catabolism or increased dietary protein in- 
take. The most common symptoms include tachy- 
pnea, stridor, skin rash, feeding difficulties, vomiting, 
hypotonia, developmental delay, tremor, ataxia, 
seizures, irritability, lethargy, and coma. Alopecia oc- 
curs in some of the patients. Disorders of immune 
function have been observed with a decreased T-cell 
count. The disease generally leads to severe neurolog- 
ical damage or death if untreated. 

The age at onset in patients with a biotinidase de- 
ficiency is usually later and more variable. Most 
patients with a profound biotinidase deficiency have 
cutaneous and neurological symptoms in infancy or 



early childhood, but patients with a partial bio- 
tinidase deficiency may not develop symptoms until 
adolescence. However, asymptomatic adults, both 
with a partial and a profound biotinidase deficiency, 
have been detected. When patients present, the symp- 
toms are essentially the same, independent of age, al- 
though older patients tend to have fewer symptoms. 
Most patients present between the ages of 6 weeks 
and 18 months. Most have progressive encephalopa- 
thy, but some have episodes of acute deterioration. 
The most common symptoms are skin rash, partial or 
complete alopecia, hypotonia, spasticity, develop- 
mental delay, seizures including infantile spasms, and 
sensorineural hearing loss. In many patients the 
seizures are difficult to control with antiepileptic 
medication. Less common features are keratocon- 
junctivitis, ataxia, fatigue, lethargy, tachypnea, apnea, 
laryngeal stridor, scotomas, and loss of vision due to 
optic atrophy. Some patients develop feeding difficul- 
ties, vomiting, diarrhea, hepatomegaly, splenomegaly, 
or coma. Immunological dysfunction may occur in 
acutely ill patients. Older patients often present with 
optic atrophy, sensorineural hearing loss, and gait 
problems; some of them have a mental retardation, 
but others are intellectually intact. Biotinidase defi- 
ciency generally leads to progressive clinical symp- 
toms ending in severe neurological damage or death 
if untreated. 

Laboratory findings in affected children include 
metabolic acidosis, mild hyperammonemia, and or- 
ganic aciduria. Increased urinary excretion is usually 
found of 3-methylcrotonylglycine and 3-hydroxyiso- 
valerate reflecting methylcrotonyl-CoA carboxylase 
deficiency; 3-hydroxypropionate, propionylglycine, 
tiglylglycine, propionate, and methylcitrate reflecting 
propionyl-CoA carboxylase deficiency; and lactate, 
which likely reflects pyruvate carboxylase deficiency. 
In holocarboxylase synthase deficiency the biochem- 
ical abnormalities tend to be more severe and com- 
plete than in biotinidase deficiency. However, in some 
patients with holocarboxylase synthase deficiency 
the biochemical abnormalities are only mild, rather 
suggesting biotinidase deficiency. In some children 
with biotinidase deficiency, urinary organic acids are 
normal at presentation. 

The diagnosis of holocarboxylase synthase defi- 
ciency is confirmed by showing deficiency of 3- 
methylcrotonyl-CoA carboxylase, propionyl-CoA 
carboxylase, pyruvate carboxylase, and acetyl-CoA 



carboxylase in lymphocytes or fibroblasts in a medi- 
um with low biotin concentration. The enzyme activ- 
ities remain severely deficient after in vitro preincu- 
bation with biotin. The diagnosis of biotinidase defi- 
ciency is confirmed by showing decreased or absent 
enzyme activity in serum, leukocytes, and fibroblasts. 
In biotinidase deficiency and acquired biotin defi- 
ciency, carboxylase activities in lymphocytes are usu- 
ally decreased but may also be normal, depending on 
the degree of biotin deficiency; the carboxylase activ- 
ities increase significantly or normalize after in vitro 
preincubation with biotin. Plasma biotin concentra- 
tion is usually below normal in symptomatic patients 
with biotinidase deficiency and in acquired biotin 
deficiency, but normal in holocarboxylase synthase 
deficiency. Prenatal diagnosis can be performed 
by enzyme assays in cultured chorionic villi and 
amniotic fluid cells. 



30.2 Pathology 

Reports on neuropathological findings are scarce. 
The external appearance of the brain is usually nor- 
mal. Ill-demarcated, partly necrotizing focal lesions 
are found in the white matter of the cerebral hemi- 
spheres, thalamus, hypothalamus, subthalamic nucle- 
us, hippocampus, mammillary bodies, substantia ni- 
gra, red nucleus, oculomotor nuclei, periaqueductal 
gray matter in the midbrain, tegmentum of the pons, 
dorsomedial parts of the medulla oblongata, inferior 
olivary nucleus, deep cerebellar white matter, cerebel- 
lar nuclei, and the posterior, lateral, and anterior 
columns of the spinal cord. The lesions show rarefac- 
tion, micro cavitation, sponginess, capillary prolifera- 
tion, and gliosis. Reactive astrocytes and foamy 
macrophages are present. Myelin is lost and neurons 
are relatively preserved. The lesions are similar to 
those observed in Leigh syndrome and thiamine defi- 
ciency. 

Another striking finding is vacuolation and edema 
of white matter tracts, including parts of the corpus 
callosum, fornix, the central tegmental tracts in the 
pons, the decussation of the medial lemniscus, the su- 
perior cerebellar peduncles, the pyramids, and anteri- 
or columns of the spinal cord. Abnormalities involv- 
ing the lateral and posterior columns have also been 
reported. Myelin loss is seen with relatively less severe 
axonal loss. Defective myelination and gliosis of the 
cerebral and cerebellar white matter have also been 
reported. The optic nerves may display severe loss of 
myelinated fibers. 
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30.3 Pathogenetic Considerations 

Biotin is an essential water-soluble vitamin and is the 
coenzyme for four carboxylases, propionyl-CoA car- 
boxylase, 3-methylcrotonyl-CoA carboxylase, pyru- 
vate carboxylase, and acetyl carboxylase, which are 
involved in the catabolism of several branched-chain 
amino acids, gluconeogenesis, and fatty acid synthe- 
sis. Each of the four carboxylases is synthesized in an 
inactive form called apo carboxylase and becomes en- 
zymatically active only when it is linked covalently to 
biotin; it is then called holocarboxylase. Holocar- 
boxylase synthase catalyzes the covalent binding of 
biotin to a lysine residue in the four biotin-dependent 
enzymes. Humans cannot synthesize biotin and 
therefore derive the vitamin from dietary sources or 
from recycling endogenous biotin. The carboxylases 
are degraded proteolytically to amino acids and bio- 
cytin (biotinyl-AT-x -lysine). Biocytin is then hy- 
drolyzed by biotinidase to lysine and free biotin, 
thereby recycling the vitamin for reutilization. Bio- 
tinidase is also necessary for liberating biotin from 
dietary protein-bound sources to its free,bioavailable 
form. Additionally, biotinidase has biotinyl trans- 
ferase activity, in which biotin from biocytin is trans- 
ferred to other proteins. The gene encoding holocar- 
boxylase synthase, HLCS, is located on chromosome 
2 1 q22. 1 . The gene encoding biotinidase, BTD, is locat- 
ed on chromosome 3p25. 

The multiple carboxylase deficiencies are geneti- 
cally determined or acquired disorders of biotin me- 
tabolism and result in impaired activity of all four bi- 
otin-dependent carboxylases. There are two forms of 
inherited multiple carboxylase deficiency: holocar- 
boxylase synthase deficiency and biotinidase defi- 
ciency. In holocarboxylase synthase deficiency, the 
carboxylases remain in their inactive apo-form. In bi- 
otinidase deficiency, endogenous biotin cannot be re- 
cycled and dietary protein-bound biotin cannot be 
released. Biocytin is lost in urine, leading to progres- 
sive biotin depletion. The clinical symptoms of holo- 
carboxylase synthase deficiency and biotinidase defi- 
ciency overlap, but ophthalmological abnormalities 
and hearing loss have not been observed in holocar- 
boxylase synthase deficiency. The symptomatology in 
holocarboxylase synthase deficiency tends to be of 
earlier onset and more severe than in biotinidase de- 
ficiency, although there is a major overlap. In bio- 
tinidase deficiency, the level of the residual enzyme 
activity correlates with the development of clinical 
and biochemical abnormalities. Most patients with 
profound biotinidase deficiency develop early signs 
of the disease. Patients with partial biotinidase defi- 
ciency may be healthy and develop symptoms only 
under conditions of infection or starvation. A special 
variant of the disease is related to decreased affinity 
of biotinidase for biocytin, the so-called K m variant 
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with a reduced maximum reaction velocity and an 
elevated K m of biotinidase for biocytin. 



30.4 Therapy 

Holocarboxylase synthase deficiency can often be 
treated effectively with pharmacological doses of bi- 
otin. The required dose of biotin is dependent on the 
severity of the enzyme defect and has to be assessed 
individually. With treatment the symptoms usually 
either disappear or improve and further deterioration 
can usually be prevented. An important problem is 
that delayed diagnosis leads to permanent damage 
that cannot be undone with treatment. Unfortunately, 
some patients show only a partial response to biotin 
or no response at all. Persistence and even progres- 
sion of the encephalopathy despite very high doses of 
biotin has been observed in some patients. It is likely 
that some defects in holocarboxylase synthase make 
it unresponsive to biotin supplementation. 

The results of biotin treatment in biotinidase defi- 
ciency are even better. With treatment most or all 
symptoms disappear and further deterioration can be 
prevented. The only problem is that damage already 
acquired may not be entirely reversible. In particular 
auditory and visual deficits, but also intellectual im- 
pairment and motor deficits may persist in spite of 
treatment. For this reason, neonatal screening for 
biotinidase deficiency has been instituted in many 
countries. Early diagnosis and treatment prevent the 
onset of symptoms. Patients with a partial biotinidase 
deficiency and the biotinidase K m variant should also 
be treated with biotin, especially as biotin has no 
known harmful effects. 

Prenatal diagnosis is possible. If holocarboxylase 
synthase deficiency is detected, antenatal treatment 
can be started by treating the mother with biotin, pre- 
venting acute neonatal symptoms. Intrauterine treat- 
ment is not necessary for biotinidase deficiency, 
because of the later onset of symptoms. 



Fig. 30.1 . A 1 -year-old girl just diagnosed with biotinidase de- 
ficiency. The child presented with psychomotor retardation, 
spastic quadriplegia, and a severe seizure disorder. The MRI 
shows a severe delay in myelination.The white matter of the 
centrum semiovale looks spongy with many tiny cysts, which 
could also be enlarged perivascular spaces.The subarachnoid 
spaces are mildly enlarged, compatible with mild cerebral at- 
rophy. Courtesy of Dr. Z. Patay, Department of Radiology, and 
Dr. RT. Ozand, Department of Pediatrics, King Faisal Specialist 
Hospital and Research Center, Riyadh, Saudi Arabia 



published, suggesting diffuse white matter vacuola- 
tion or edema. 

MRI shows variable abnormalities in untreated 
multiple carboxylase deficiency, including delayed 
myelination, diffuse cerebral white matter signal ab- 
normality and swelling, more patchy cerebral white 
matter abnormalities, and cerebral atrophy (Figs. 30.1 
and 30.2). The white matter abnormalities and cere- 
bral atrophy are at least partially reversible with treat- 
ment. These imaging abnormalities have a low diag- 
nostic specificity. Signal abnormalities in central gray 
matter structures, brain stem, and spinal cord have al- 
so been reported, suggestive of a Leigh-like disease. 
These may be entirely or partially reversible with 
treatment. With Leigh-like abnormalities present on 
MRI, the possibility of multiple carboxylase deficien- 
cy should be considered. 

One paper by Wiznitzer and Bangert (2003) re- 
ports signal changes in the spinal cord over its entire 
length in a patient with clinical ataxia and spastic 
paraparesis. The abnormalities disappeared with 
treatment. 



30.5 Magnetic Resonance Imaging 

CT of the brain may show basal ganglia calcification 
in untreated multiple carboxylase deficiency. Diffuse 
hypodensity of the cerebral white matter within the 
neonatal period with disappearance of the hypoden- 
sity after many months of treatment has been report- 
ed. The problem is that the cerebral white matter is al- 
ways hypodense in neonates due to lack of myelin, 
and that disappearance of the hypodensity with on- 
going myelination is a normal phenomenon. The 
white matter does, however, look more hypodense 
than normal and mildly swollen on the CT pictures 



Fig. 30.2. A 1 -year-old boy just diagnosed with biotinidase 
deficiency. He presented with an acute metabolic crisis. The 
MRI shows delayed myelination and mildly enlarged sub- 
arachnoid spaces.There are more prominent signal abnormal- 
ities in the deep parietal white matter, where the white matter 
also looks spongy with many tiny cysts, possibly enlarged 
perivascular spaces. Courtesy of Dr. Z. Patay, Department of 
Radiology, and Dr. RT. Ozand, Department of Pediatrics, King 
Faisal Specialist Hospital and Research Center, Riyadh, Saudi 
Arabia 
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Chapter 31 

Cerebrotendinous Xanthomatosis 



31.1 Clinical Features 

and Laboratory Investigations 

Cerebrotendinous xanthomatosis (CTX) is a rare 
neurometabolic disorder with an autosomal recessive 
mode of inheritance. Prolonged neonatal cholestatic 
jaundice is common ("hepatitis of infancy"). Most 
patients are of borderline or low intelligence from the 
beginning and their school performance is poor. 
Chronic, intractable, and unexplained diarrhea is pre- 
sent in about 50% of the affected children. The more 
specific clinical manifestations usually appear in late 
childhood or early adolescence, or even later. The 
most commonly noted early manifestations of the 
disease include cataracts and xanthomas of tendons, 
especially the Achilles tendons, but also the tendons 
of the quadriceps muscle, the triceps muscle, and the 
finger extensors. During the second or third decade, 
neurological problems gradually become manifest 
with signs of cerebellar ataxia, spastic paraparesis 
and tetraparesis, signs of dysfunction of the posterior 
columns, and signs of peripheral polyneuropathy. 
Some patients have only signs of spinal cord dysfunc- 
tion with pyramidal tract and dorsal column involve- 
ment. Tendon reflexes are generally hyperactive. Vi- 
bratory and position senses are diminished whereas 
the superficial sensory modalities remain relatively 
intact. Foot deformity, in particular pes cavus, is often 
noted. About 40% of the patients develop epilepsy 
with generalized tonic-clonic seizures. In most cases 
a decline of mental function occurs in the third 
decade, but there is wide diversity in the rapidity of 
the decline. Changes in personality and psychiatric 
problems may be present, varying from irritability, 
agitation, and aggressiveness to paranoid ideation, 
hallucinations, and catatonia. Premature atheroscle- 
rosis may lead to angina pectoris, myocardial infarc- 
tion, and cardiac failure. Less frequent complaints are 
pharyngeal and palatal myoclonus, tachylalia, mask- 
like facies, parkinsonism, bulbar and pseudobulbar 
paresis with dysphagia and dysphonia, visual loss due 
to optic atrophy, palpebral xanthelasmas, corneal 
lipoid arcus, generalized muscular wasting, bone 
fractures due to osteoporosis, impaired lung function 
due to pulmonary xanthomas, and signs of endocrine 
dysfunction. In untreated cases death usually occurs 
between the fourth and sixth decades. 

The problem with the diagnosis of CTX is that 
there are no obligatory symptoms and that the devel- 



opment of symptoms varies markedly in nature and 
degree of progression, even within one family. In par- 
ticular in the absence of the typical tendon xan- 
thomas, the diagnosis can be easily missed. 

Laboratory investigations reveal normal or only 
moderately elevated serum cholesterol but a marked- 
ly increased level of serum cholestanol. CSF protein 
maybe increased. CSF cholestanol levels are elevated. 
Low serum levels of 2 5 -hydroxy vitamin D 3 and 24,25- 
dihydroxy vitamin D 3 may be found. The measure- 
ment of the serum cholestanol to cholesterol ratio 
has been advocated as a means of establishing the 
diagnosis, but elevated cholestanol and elevated 
cholestanol to cholesterol ratios are not very specific 
and can also be found in patients suffering from var- 
ious liver diseases. A preferable method for establish- 
ing the diagnosis is to demonstrate the presence of 
abnormal bile alcohols in the urine. The diagnosis 
can be confirmed by demonstrating lack of 27-hy- 
droxylase activity in cultured fibroblasts and by DNA 
techniques. 

X-ray examination may reveal swelling of the 
Achilles tendons and, less frequently, of the tendons 
of the hamstrings, quadriceps, and finger extensors. 
Calcification of these soft tissue masses may be seen. 
Motor and sensory nerve conduction is often slowed. 
Evoked potentials, in particular SSEPs, are as a rule 
delayed. EEG shows diffuse slowing of background 
activity with poorly organized theta and delta waves. 

Carriers of CTX can be identified by observing an 
abnormal increase in bile alcohols in their urine after 
administration of cholestyramine, a drug that leads 
to intestinal loss of bile acids and as a consequence to 
increased endogenous synthesis. Normal control per- 
sons fail to produce the unusual bile alcohols. Carrier 
detection can also be performed by analysis of 27-hy- 
droxylase activity in cultured fibroblasts or by DNA 
techniques. Prenatal diagnosis is possible using the 
same techniques. 



31.2 Pathology 

On external examination of the brain, mild atrophy is 
found, especially of the cerebellum. Sometimes xan- 
thomas are seen in the choroid plexus. 

On microscopic examination, the cerebral cortex 
and hemispheric white matter usually appear normal. 
Sometimes gliosis and perivascular collections of 
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large mononuclear cells with foamy cytoplasm are 
found. Occasionally, prominent loss of myelin and ax- 
ons may be found at the level of the corona radiata, 
periventricular white matter, and globus pallidus. 
Mononuclear cells with foamy cytoplasm may be pre- 
sent in the basal nuclei and thalamus. The globus pal- 
lidus especially may contain large mononuclear cells 
with foamy cytoplasm, accompanied by demyelina- 
tion of the fibers of the ansa lenticularis as they pass 
through the internal capsule. The optic nerves and 
tracts may exhibit loss of myelin and axons associat- 
ed with fibrillary gliosis and presence of perivascular 
lipid-laden mononuclear cells. 

The most conspicuous abnormalities are found in 
the cerebellum. Xanthomatous tissue sometimes re- 
places most of the white matter. On microscopic ex- 
amination extensive loss of myelin and axons is seen 
within the cerebellar white matter, with most severe 
involvement of the outflow tracts of the dentate nu- 
cleus and the superior cerebellar peduncles. In the af- 
fected areas many small and large cystic spaces and 
needle-like clefts are present. Large quantities of neu- 
tral fat accumulate within large mononuclear cells 
with foamy cytoplasm in the cysts and in perivascu- 
lar spaces. The needle-shaped clefts contain crys- 
talline deposits with staining properties of sterols. 
The crystalline deposits are surrounded by inflam- 
matory cells and reactive multinucleated foreign- 
body giant cells. These cells represent the tissue reac- 
tion to deposition of sterols. There may be extensive 
loss of Purkinje cells and granule cells and destruc- 
tion of the dentate and fastigial nuclei. Particularly in 
the dentate nucleus, severe neuronal loss may be 
found with presence of clefts containing crystalline 
lipid deposits, as well as reactive astrocytosis, focal 
calcification, and deposition of hemosiderin pig- 
ment. 

In the brain stem the pyramidal tracts, medial lem- 
niscus, transverse pontine fibers, and superior cere- 
bellar peduncles are involved. At the higher levels of 
the brain stem, in particular in the red nucleus and 
substantia nigra, deposits of neutral lipids and crys- 
talline sterols are present. Gray matter changes in the 
brain stem include loss of neurons, particularly in the 
inferior olives and other nuclei. In the spinal cord the 
pyramidal tracts and posterior columns demonstrate 
loss of myelin sheaths and axons. 

In the peripheral nerves extensive axonal degener- 
ation is found. There may be additional signs of seg- 
mental demyelination and remyelination with onion 
bulb formation. Histological examination of muscle 
tissue discloses signs of denervation and reinnerva- 
tion with type grouping. On electron microscopy, 
large aggregates of mitochondria are seen, mainly in 
the subsarcolemmal region. The mitochondria show 
mild morphological abnormalities such as increased 
size and irregular cristae. 



Microscopic examination of Achilles tendon xan- 
thomas reveals islets of mononuclear cells with foamy 
cytoplasm and clefts filled with crystalloid material 
surrounded by multinucleated giant cells. The clefts 
are scattered in fan- shaped clusters without any rela- 
tion to blood vessels. Under polarized light birefrin- 
gence of the clefts is shown, suggesting presence of 
sterols. The cells filled with neutral fat are mainly pre- 
sent around blood vessels but also throughout the tis- 
sue. 

Similar xanthomatous tissue can be found in the 
lungs and bones. In liver tissue fatty lipofuscin-like 
pigment granules have been reported in hepatocytes 
and Kupffer cells. Crystals are found in the cytoplasm 
of hepatocytes. Mitochondria are hypertrophied and 
peroxisomes are increased in size and number. Pre- 
mature atherosclerosis of coronary arteries can be 
found. 



31.3 Chemical Pathology 

In CTX patients the lipids stored in the brain and in 
xanthomas consist of free and esterified cholestanol 
and cholesterol. Free cholestanol is found not only in 
the evidently affected areas of the brain, but also in 
areas which appear normal on histological examina- 
tion. Cholestanol is found in myelin and also in all 
other membrane structures in the brain, including 
cell membranes and membranes of subcellular struc- 
tures. The concentration of unesterified cholesterol is 
normal or only slightly increased. In demyelinated 
areas the concentrations of esterified cholestanol 
and cholesterol are elevated. Concentrations of 
cholesterol esters are nonspecifically elevated in 
many actively demyelinating disorders, but esterified 
cholestanol is not present in any of these disorders. 



31 .4 Pathogenetic Considerations 

In CTX the basic defect is located in the mitochon- 
drial enzyme 27-hydroxylase. This enzyme catalyzes 
the initial steps in the side-chain cleavage of sterols. 
The enzyme hydroxylates a spectrum of sterol sub- 
strates, including cholesterol and vitamin D 3 . The 
sterol 27-hydroxylase gene, CYP27, is located on the 
distal portion of the long arm of chromosome 2 
(2q35). Many different mutations have been identi- 
fied. There is no clear correlation between genotype 
and phenotype. 

The most important pathway for the metabolism 
and excretion of cholesterol in humans is the forma- 
tion of bile acids. The two major bile acids, cholic acid 
and chenodeoxycholic acid, are formed in the liver 
and secreted in bile into the intestine. The enzymes 
involved in modifying the steroid nucleus of choles- 
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terol are mainly located in the endoplasmic reticulum 
and the cytosol. The enzymes involved in the side- 
chain degradation are mainly located in mitochon- 
dria and peroxisomes. The major pathway for side- 
chain cleavage is the 27-hydroxylase pathway. 

Deficient activity of 27-hydroxylase results in a 
defect in bile acid biosynthesis. The formation of nor- 
mal bile acids, in particular chenodeoxycholic acid, is 
reduced. Large amounts of unusual C27 bile alcohols 
are excreted in bile, feces, and urine. As bile acids are 
involved in a feedback regulation of the hepatic cho- 
lesterol production, the decrease in bile acids leads to 
enhanced cholesterol production and excessive pro- 
duction of bile alcohols. 

Cholestanol is the 5a-dihydro derivative of choles- 
terol. It normally represents about 0.1-0.3% of cho- 
lesterol in tissues and plasma. In CTX cholestanol is 
increased 10- to 100-fold, so that it accounts for 2 % of 
plasma and tissue sterols with even greater enrich- 
ment in the brain (20-50%), tendon xanthomas 
(10%), and bile (10%). There is evidence that the 
increased synthesis of cholestanol is caused by the in- 
creased utilization of bile intermediates as precursors 
for cholestanol. The bile intermediates accumulating 
in CTX may be shunted into the cholestanol pathway. 

Like cholesterol, cholestanol is transported by low- 
density lipoproteins (LDL) and high-density lipo- 
proteins (HDL). Despite the enhanced production of 
both sterols, plasma LDL concentrations are low and 
HDL cholesterol levels are also diminished. The role 
of LDL is to transport cholesterol from the liver to 
peripheral tissues. LDL turnover is exceedingly rapid 
in CTX. The catabolism of LDL by the augmented 
expression of LDL receptors is sufficiently great to 
maintain low plasma concentrations, despite en- 
hanced cholesterol production. The role of HDL is to 
transport cholesterol from peripheral tissues to the 
liver. HDL cholesterol levels are subnormal in many 
CTX patients. This may account for the accumulation 
of tissue sterols in atheromas and xanthomas by hin- 
dering reverse sterol transport. 

Neurophysiology and histopathology suggest that 
axonal degeneration is primary in CTX, although 
there may also be a component of primary myelin 
loss. The precise pathophysiological mechanisms are 
unclear. Evidently, the deposition of cholestanol and 
cholesterol in the nervous system and the replace- 
ment of cholesterol by cholestanol must be important 
in the development of the nervous tissue damage. 
There is evidence that there is a subtle defect in the 
blood-brain barrier in CTX, probably caused by the 
accumulating toxic metabolites. The defect in the 
blood-brain barrier may be important in the accre- 
tion of cholestanol and cholesterol within the CNS. In 
CTX the fractional clearance of LDL is enhanced, 
most likely due to an increased activity of hepatic 
LDL receptors. LDL receptors within the blood-brain 



barrier may be up -regulated as well, in this way con- 
tributing to the influx of sterols into the CNS. 



31.5 Therapy 

Treatment in CTX aims at breaking the vicious circle 
of defective endogenous bile acid synthesis leading to 
absence of negative feedback, which in turn leads to 
increased production of cholesterol, abnormal bile 
alcohols, and cholestanol. Treatment with oral bile 
acids, in particular chenodeoxycholic acid, repairs 
the negative feedback and leads to decreased produc- 
tion of cholesterol, cholestanol, and abnormal bile 
alcohols. Assessment of serum cholestanol and uri- 
nary bile alcohols can be used to monitor treatment. 
Once treatment starts, the diarrhea ceases. The pro- 
gression of CNS damage is retarded or halted. Pa- 
tients receiving therapy with chenodeoxycholic acid 
have been reported to show reversal of their neuro- 
logical disability, with clearing of dementia and im- 
proved motor function. There is also evidence of im- 
proved results of paraclinical tests, such as nerve con- 
duction velocity, evoked responses, EEG, and CT. 

Combined treatment with chenodeoxycholic acid 
and 3-hydroxy-3-methylglutaryl coenzyme A reduc- 
tase inhibitors such as simvastatin, lovastatin, or 
pravastatin - inhibitors of cholesterol synthesis, leads 
to a more pronounced reduction of cholesterol and 
cholestanol than treatment with chenodeoxycholic 
acid alone. Their long-term clinical efficacy of this 
combined treatment has still to be proven. 

Some patients experience a more marked improve- 
ment than others. As the effects of therapy depend 
largely on the extent of irreversible structural damage 
to nervous tissue, early diagnosis and early treatment 
are important. If the disease is detected in early child- 
hood, treatment of the patient not yet clinically 
affected can prevent occurrence of complaints. It is a 
treatment for life. 



31.6 Magnetic Resonance Imaging 

CT scan of the brain has been reported to show cere- 
bellar hypodensity and in some cases also moderate 
hypodensity of cerebral hemispheric white matter. 
Increased density may be seen in the area of the den- 
tate nucleus, corresponding to hemosiderin and calci- 
um deposition in histopathology. 

The most important and earliest MRI abnormali- 
ties are noted in the cerebellum. On T 2 -weighted im- 
ages the dentate nucleus and cerebellar hemispheric 
white matter have a high signal intensity (Figs. 31.1 
and 31.2). The cerebellar foliae are prominent, indica- 
tive of atrophy (Fig. 31.2). In some patients, the den- 
tate nucleus has a low signal intensity on T 2 -weighted 
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Fig. 31.1. The T 2 -weighted images in this 40-year-old male 
CTX patient reveal signal abnormalities in the dentate nucleus 
and medial lemniscus in the midbrain. In addition, there are 
diffuse, ill-defined slight signal abnormalities in the cerebral 



white matter. Courtesy of Dr. F. Barkhof, Department of Radiol- 
ogy, VU University Medical Center, Amsterdam, and Dr. A.Ver- 
rips, Department of Pediatric Neurology, University Medical 
Center Nijmegen,The Netherlands 



images (Fig. 31.2). In exceptional cases, the cerebellar 
white matter lesions are surrounded by a rim of 
markedly low signal intensity (Fig. 31.4). The low sig- 
nal on T 2 -weighted images reflects the presence of 
macroscopic xanthomas or calcium and hemosiderin 
deposits. Symmetrical lesions are often present in the 
corticospinal tracts and medial lemniscus in the 
brain stem (Figs. 31.1 and 31.2). In some patients, the 
transverse pontine fibers contain signal abnormali- 
ties. Involvement of the inferior olives may occur. 

In the supratentorial region, ill-defined slight sig- 
nal changes are seen in the periventricular region in 
most patients, blending with the normal white matter 
without a sharp demarcation between the two 
(Figs. 31.1-31.3). They have a symmetrical distribu- 
tion. These abnormalities maybe confluent or patchy. 
U fibers and corpus callosum are spared. Slight en- 
largement of the ventricles and subarachnoid spaces 
may be seen. In a few patients, focal round or ovoid 
masses with low signal intensity on T 2 -weighted im- 
ages are noted within the ventricles, probably reflect- 



ing the presence of xanthomas within the choroid 
plexus (Fig. 31.4). T 2 -weighted images often reveal 
bilateral high-signal-intensity lesions in the globus 
pallidus and the adjacent part of the internal capsule, 
in the area of the ansa lenticularis (Fig. 31.3). The 
globus pallidus may have a low signal intensity, prob- 
ably related to the high lipid content (Fig. 31.2). 

Within the spinal cord, the lateral and dorsal 
columns may have a high signal intensity on T 2 - 
weighted images (Fig. 31.5). Lipid deposits in the 
Achilles tendon can be visualized (Fig. 31.6). 

The full-blown MRI pattern of CTX, consisting of 
the typical cerebellar abnormalities with high- signal- 
intensity changes within the white matter and a low 
signal intensity of the dentate nucleus on T 2 -weighted 
images, has a high diagnostic value. When only high- 
signal-intensity lesions are present in the cerebellar 
(and also cerebral) white matter, other diagnoses 
should be considered, including adrenomyeloneu- 
ropathy and Refsum disease. 



256 Chapter 31 Cerebrotendinous Xanthomatosis 




Fig. 31.2. TheT 2 -weighted images in this 48-year-old female 
CTX patient reveal diffuse, ill-defined slight signal abnormali- 
ties within the cerebral white matter, sparing the corpus callo- 
sum,and some cerebral atrophy.The globus pallidus has a low 
signal intensity. The pyramidal tracts in the brain stem,the me- 
dial lemniscus at the level of the pons, the cerebellar hemi- 



spheric white matter, and the hilus of the dentate nucleus dis- 
play an elevated signal intensity. The dentate nucleus stands 
out as dark. Courtesy of Dr. F. Barkhof, Department of Radio- 
logy, VU University Medical Center, Amsterdam, and Dr. A.Ver- 
rips, Department of Pediatric Neurology, University Medical 
Center Nijmegen,The Netherlands 
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Fig. 31.3. Male, 38 years of age, with CTX.TheT 2 -weighted im- 
ages show a diffuse slight signal abnormality within the cere- 
bral white matter.There are signal abnormalities in the medial 
globus pallidus and adjacent part of the posterior limb of the 
internal capsule, the pyramidal tracts,and medial lemniscus in 
the midbrain. The dentate nucleus has a low signal, whereas 



the hilus of the dentate nucleus and cerebellar hemispheric 
white matter have a high signal. Note the cerebellar atrophy. 
Courtesy of Dr. F. Barkhof, Department of Radiology, VU Univer- 
sity Medical Center, Amsterdam,and Dr. A. Verrips, Department 
of Pediatric Neurology, University Medical Center Nijmegen, 
The Netherlands 



Fig. 31.4. Female, 43 years of age, 
with CTX.On theT 2 -weighted image 
on the /eft, the cerebellar white matter 
has a high signal intensity surrounded 
by a rim of very low signal intensity. 
The moderately T 2 -weighted image on 
the right shows the involvement of 
the corticospinal tracts in the mid- 
brain. Note the round masses with low 
signal intensity in the choroid plexus 
of the lateral ventricles. From Fiorelli 
et al. (1 990), with permission 
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Fig. 31 .5. Spinal images in a 41 -year- 
old woman with CTX.The sagittal 
mildly T 2 -weighted images reveal mild 
signal abnormalities in the spinal cord 
over its entire length. Courtesy of 
Dr. F. Barkhof, Department of Radio- 
logy, VU University Medical Center, 
Amsterdam, and Dr. A. Verrips, Depart- 
ment of Pediatric Neurology, Uni- 
versity Medical Center Nijmegen, 
The Netherlands 




Fig. 31.6. The T1 -weighted images 
show the typical swelling of the 
Achilles tendon in two CTX patients 
{arrows). Courtesy of Dr. F. Barkhof, 
Department of Radiology, VU Uni- 
versity Medical Center, Amsterdam, 
and Dr. A. Verrips, Department of 
Pediatric Neurology, University 
Medical Center Nijmegen, 
The Netherlands 



Chapter 32 

Cockayne Syndrome 



32.1 Clinical Features 

and Laboratory Investigations 

Cockayne syndrome (CS) is a rare, inherited disorder 
characterized by cachectic dwarfism, cutaneous pho- 
tosensitivity, and progressive neurological dysfunc- 
tion. The mode of inheritance is autosomal recessive. 
Two types of the disease are distinguished: classical 
CS or CS type I and severe CS or CS type II. 

In CS type I, the children seem normal at birth. 
Their weight, length, and head circumference are nor- 
mal. Growth failure generally begins within the first 
year of life and may be profound. Weight is affected to 
a greater extent than length, leading to cachectic 
dwarfism. Subcutaneous fat is lost diffusely and al- 
most completely, giving the patients a starved appear- 
ance. A thin, prominent nose, narrow mouth and chin, 
sunken eyes, and loss of adipose tissue from the face 
result in the characteristic facies of an old man or 
woman. This appearance becomes more evident in 
older patients. However, percutaneous gastrostomy 
tube feeding allows better management of the feeding 
problems and the typical cachectic appearance may 
be lacking or delayed. Within the first 2 years almost 
all patients have become microcephalic. A thin and 
dry skin, fine hair, and large and sometimes mal- 
formed ears contribute to the characteristic facies of 
CS patients. Dermal photosensitivity appears as sun 
sensitivity resulting in desquamation, scarring, and 
atrophy of exposed areas. Pigmentary abnormalities 
with hypopigmentation and hyperpigmentation oc- 
cur occasionally. Anhidrosis may be present. Dental 
problems are common with moderate to severe 
caries. The posture of CS patients is typical. Even at an 
early age there is abnormal flexion of hips and knees 
while standing. In older patients the posture is 
stooped due to kyphosis combined with progressive 
hip, knee, and ankle contractures. The trunk is small, 
the arms and legs are disproportionately long, and 
hands and feet are large. 

The earliest commonly noticed neurological ab- 
normality is delayed psychomotor development, 
which usually becomes apparent at the time when sit- 
ting, walking, and speech should develop. The delay in 
the acquisition of functions becomes progressively 
greater as the patient grows older. All patients with CS 
type I are mentally retarded, but mental capacities 
vary from mildly to profoundly deficient. Among the 
higher functioning patients, intellectual deterioration 



usually becomes evident in the teenage years. Behav- 
ioral problems are rare and the patients are usually 
described as happy and social. In the course of the 
years progressive neurological abnormalities become 
apparent. Cerebellar signs are present with tremor, 
lack of coordination, dysarthric speech, and gait atax- 
ia. Pyramidal signs are usually present with hyperto- 
nia and hyperreflexia. The gait disorder in patients 
who become ambulatory is striking and progressive, 
due to a combination of spasticity, ataxia, and con- 
tractures of the hips, knees and ankles. Sensorineural 
hearing loss occurs in over half the patients. My- 
oclonus and involuntary choreiform and athetoid 
movements are rare. Overt signs of peripheral neu- 
ropathy are rare until late stages of the disease, lead- 
ing to a progressive, diffuse muscular atrophy, muscle 
weakness, and areflexia. Some patients have dimin- 
ished lacrimation, decreased sweating, miotic pupils, 
and cool and acrocyanotic limbs. This could be due to 
autonomic dysfunction, but formal assessment of 
autonomic function has not been documented. 
Seizures occur late and in a minority of the patients. 

Pigmentary degeneration of the retina of the salt 
and pepper type is found in the majority of the pa- 
tients. The retina changes are progressive, and during 
the first few years of life normal findings do not ex- 
clude the diagnosis of CS. Other common ophthalmo- 
logical abnormalities are cataract and optic atrophy. 
Miotic pupils, which are poorly responsive to mydri- 
atics, corneal dystrophy, and decreased or absent 
lacrimation may be found. Despite the extensive ocu- 
lar abnormalities some visual acuity usually remains, 
although blindness may occur. 

Renal problems develop in about 10% of the CS 
patients with decreased renal function, and very 
rarely renal failure. Hypertension may occur. 

Undescended or small testes are seen in about 30% 
of male CS patients. In female patients breasts are of- 
ten small and menstrual cycles irregular. 

The neurological abnormalities in CS type I be- 
come gradually more severe and mental failure is pro- 
gressive. Death by inanition and infection, most com- 
monly respiratory infections, used to occur in the 
fourth decade of life. However, with improved nutri- 
tion and medical care, life expectancy may be longer. 

Patients with CS type II have an earlier onset of 
symptoms and a more severe course than do CS type 
I patients. They often have a low birth weight and 
little postnatal increase in height, weight, and head 
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circumference, although some patients have a normal 
birth weight and normal weight gain during the first 
few months of life. The infants used to develop an 
emaciated appearance characteristic of CS with little 
subcutaneous fat, deep-set eyes, and a prominent, 
beaked nose, but with tube feeding weight for height 
can be normal or even high, and the typical lack of 
subcutaneous fat is not necessarily a feature of the 
disease. In the neonatal period the children are hypo- 
tonic, but they develop spastic quadriplegia. Few or 
no developmental milestones are reached; those that 
are reached are subsequently lost in the process of 
neurological deterioration. Congenital cataract is of- 
ten present. Other reported ocular abnormalities 
include hypoplastic optic nerves, microphthalmia, 
iris hypoplasia, microcornea, and reduced lacrimal 
secretion. Kyphosis and progressive contractures of 
hips and knees occur and may already be present at 
birth. Photosensitivity is present but may be missed 
because of lack of exposure to sunlight in small in- 
fants. Generally, dental, auditory, and cutaneous com- 
plications are less commonly described in these pa- 
tients, probably because of the severe neurological 
problems and early age at death. Death usually occurs 
by the age of 6 or 7 years, but may also occur during 
the first few months or years of life. 

The clinical pictures of CS type II, cerebro-oculo- 
facioskeletal syndrome (COFS syndrome) and 
cataracts-microcephaly- failure to thrive-kyphoscol- 
iosis syndrome (CAMFAK syndrome) overlap. Some 
of the patients described with COFS or CAMFAK syn- 
drome are in fact CS type II patients. 

A few patients have the clinical features of classical 
or severe CS plus the skin abnormalities of xeroder- 
ma pigmentosum, including freckling and skin can- 
cers. 

Laboratory investigations of blood and CSF reveal 
no consistent and no diagnostic abnormalities. An 
elevated CSF protein content may be found. A few 
patients have biochemical evidence of decreased re- 
nal function with decreased creatinine clearance. In a 
few patients elevated serum cholesterol or lipoprotein 
levels have been noted. Nerve conduction velocities 
are markedly slowed, consistent with a demyelinating 
polyneuropathy, in the majority of the patients. In 
skeletal muscle, denervation changes can be found. 
EEG is normal in some patients, but may show slow- 
ing and sometimes epileptic discharges. Evoked po- 
tentials are often abnormally delayed. Radiological 
investigations of the skeleton in CS show micro- 
cephaly, with a thick cranial vault and sometimes in- 
tracranial calcifications. General skeletal maturation 
may be within normal limits or may be advanced or 
delayed. Less common findings include shortness and 
broadness of the metacarpals and phalanges, whose 
epiphyses sometimes have an ivory-dense appear- 
ance, and flattening of the vertebral bodies, lipping of 



their upper and lower anterior margins, and osteo- 
porosis. 

The clinical suspicion of CS can be confirmed by 
UV irradiation of cultured skin fibroblasts of the pa- 
tients. Cell lines from CS patients are hypersensitive 
to killing by UV, and show failure of DNA and RNA 
synthesis to recover to normal rates after irradiation. 
CS cells differ in some of their cardinal laboratory 
characteristics from xeroderma pigmentosum cells. 
CS cells and most xeroderma pigmentosum cells have 
defective DNA repair of actively transcribed genes, 
but only xeroderma pigmentosum cells have low DNA 
repair in the genome overall, as demonstrated by de- 
ficient unscheduled DNA synthesis after UV expo- 
sure. Patients with a combination of CS and xeroder- 
ma pigmentosum also have decreased unscheduled 
DNA synthesis after UV exposure. Prenatal diagnosis 
is possible using a test showing the defect in nu- 
cleotide excision repair or DNA analysis when the 
gene mutations responsible in a family have been 
demonstrated. 



32.2 Pathology 

The leptomeninges in classical CS appear thickened 
and fibrotic. The brain is usually small and has an at- 
rophied appearance. Cerebellar atrophy is the most 
severe. On sectioning, the lateral ventricles appear to 
be enlarged and the corpus callosum is thin. The 
white matter is decreased in volume and has a mot- 
tled appearance. Calcium depositions are present bi- 
laterally in the basal ganglia and dentate nuclei and 
may also be found in the white matter and cerebral 
and cerebellar cortices. The dura may be focally calci- 
fied. 

Microscopic examination of the leptomeninges re- 
veals increased collagenous connective tissue without 
any inflammatory changes. The principal finding in 
CS type I is lack of myelin. Numerous islands of pre- 
served myelin are present within the white matter in 
a tigroid pattern. In the areas of myelin lack, axons are 
relatively preserved. There is no evident relationship 
between blood vessels and myelin loss or presence. 
All levels of the brain are involved, including cerebral 
hemispheric white matter, cerebellar white matter, 
and brain stem. The U fibers are not spared. In the 
spinal cord the descending tracts demonstrate a focal 
lack of myelin, whereas the ascending tracts have a 
relatively higher myelin content. The myelin-deficient 
areas contain fewer oligodendrocytes than the areas 
with more myelin. Sudanophilic lipids are scanty, but 
sometimes seen in the walls of vessels and in mi- 
croglial cells in the brain parenchyma. No inflamma- 
tory infiltration is found. Astrogliosis is seen in the 
myelin-deficient areas. The cerebral cortex is general- 
ly intact, but sometimes there is a slight diffuse loss of 



neurons. The cerebellar cortex is less well preserved 
and the number of Purkinje cells and granule cells is 
reduced. Calcium deposits are present perivascularly 
and within the neuropil. The typical locations of cal- 
cium deposits include the basal ganglia and dentate 
nucleus, and may also involve cerebral and cerebellar 
cortex and the white matter. The small deposits may 
coalesce into larger calculi. In some cases, nuclear ab- 
normalities have been found in astrocytes and neu- 
rons. In these cases many of these cells have a single, 
large, hyperchromatic, atypical nucleus. Some cells 
are multinucleated. In a few cases neurofibrillary tan- 
gles have been found in the nucleus basalis, substan- 
tia nigra, locus caeruleus, and the cerebral cortex. 
Their presence may be considered to be a premature 
senile change of the brain or a nonspecific finding oc- 
curring in chronic neurological conditions. 

Sural nerve biopsies demonstrate chronic segmen- 
tal demyelination and remyelination with onion bulb 
formation. Onion bulbs are nonspecific signs of re- 
peated demyelination and remyelination. They are 
more pronounced in older than in younger patients. 
In some cases of CS, electron-dense, membrane- 
bound, finely granular or lamellated inclusions have 
been reported in Schwann cells. The nature and role 
of these inclusions is unknown. 

Renal pathology may include thickening of the 
glomerular basement membrane. 

In CS type II, neuropathological findings are simi- 
lar to those of CS type I. The leptomeninges are thick- 
ened. The brain is small and atrophic and the ventri- 
cles are enlarged. The white matter is reduced in vol- 
ume. The cerebellum is small. In the CNS severe but 
discontinuous myelin deficiency is present with a 
tigroid pattern of islands with higher myelin content. 
There is concomitant white matter gliosis. The cere- 
brum, cerebellum, brain stem, and spinal cord are af- 
fected. Calcium depositions, present perivascularly 
and in the neuropil, may be found in basal ganglia, 
thalamus, dentate nucleus, and cerebral and cerebel- 
lar cortex and meninges. The cerebral cortex is intact; 
in the cerebellar cortex loss of Purkinje cells and 
granule cells is found. Bizarre astrocytes with large 
and multiple nuclei may occur. 



32.3 Chemical Pathology 

In CS the white matter shows a marked loss of myelin 
lipids and some increase in cholesterol esters. Besides 
these usual chemical changes related to demyelina- 
tion, no specific abnormalities are found. 
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32.4 Pathogenetic Considerations 

Three rare autosomal recessive disorders are associ- 
ated with a defect in nucleotide excision DNA repair: 
xeroderma pigmentosum, CS, and trichothiodystro- 
phy with photosensitivity. Xeroderma pigmentosum 
is characterized by photosensitivity, abnormal pig- 
mentation, and a high incidence of sunlight-induced 
skin cancers; signs of neurological degeneration are 
rare. CS is characterized by photosensitivity, short 
stature, and a severe neurological degenerative disor- 
der; there is no increased risk of skin cancer. Tri- 
chothiodystrophy, caused by a defect in nucleotide 
excision repair, is characterized by brittle hair and 
nails, photosensitivity, ichthyosis, and neurological 
problems, but no skin cancer. Rare patients have com- 
bined symptoms of xeroderma pigmentosum and CS. 
Complementation analysis by cell fusion has allowed 
a genetic classification of these disorders. Most CS pa- 
tients belong to one of two complementation groups, 
CS-A and CS-B, which represent two different defec- 
tive genes, the CSA gene located on chromosome 5 
and the CSB gene on chromosome 10qll-21. The 
clinical phenotype of the patients (classical or severe 
CS) does not correlate with these complementation 
groups. Patients with combined xeroderma pigmen- 
tosum and CS belong to three of the xeroderma pig- 
mentosum complementation groups: XP-B,XP-D, and 
XP-G. The patients in complementation group XP-G 
all have severe neurodegeneration and die in early 
childhood, but patients belonging to complementa- 
tion group XP-D may also present with severe neuro- 
logical problems. 

Despite the high accuracy of the DNA replication 
process, some errors may arise spontaneously during 
DNA replication through intrinsic instability of 
chemical bonds in DNA. Furthermore, chemical com- 
pounds can cause alterations in the DNA. The chemi- 
cal compounds that react with nucleic acids range 
from alkylating agents, polycyclic hydrocarbons, and 
aromatic amines to aflatoxin. DNA modifications can 
also arise endogenously through cellular metabolites, 
for instance through free radicals generated as by- 
products of oxidative metabolism. The most common 
physical agents causing DNA damage are UV and ion- 
izing radiation. Unless repaired, DNA damage leads to 
defects in subsequent replication cycles and to abnor- 
malities in transcription and translation of the infor- 
mation coded in DNA. The result may be cell death or 
genomic instability (mutagenesis). 

There are different basic mechanisms by which le- 
sions are eliminated from DNA: direct reversal, base 
excision repair, nucleotide excision repair, and DNA 
double-strand repair. Nucleotide excision repair is a 
complex process that detects, removes, and repairs 
many types of DNA lesions, in particular bulky le- 
sions. The process involves at least 30 proteins, which 
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act in a stepwise fashion to recognize the damage, fol- 
lowed by enzymatic incisions in the damaged strand 
on both sides of the lesion, removal of the damaged 
single-stranded segment, repair synthesis to fill in the 
resultant gapped DNA duplex, and ligation of the re- 
pair patch to the existing DNA strand. Nucleotide ex- 
cision repair has two subpathways: transcription- 
coupled repair and global genome repair. The tran- 
scription repair pathway repairs lesions in the strand 
of active, RNA-polymerase-II-transcribed genes. The 
global genome repair pathway removes lesions from 
genes that are transcriptionally inactive. Transcrip- 
tion-coupled repair is about three times faster than 
global genome repair. 

In CS, the underlying defect affects not only the 
nucleotide excision repair, but also the basal tran- 
scription process and the sensitivity to apoptosis. 
Cultured fibroblasts from CS patients are more sensi- 
tive than normal to killing by UV irradiation and ex- 
hibit a marked, prolonged inhibition of synthesis of 
DNA and RNA after such irradiation. Damage pro- 
duced by UV light in DNA in normal cells depresses 
rates of both DNA and RNA synthesis, but these rates 
soon become normal. In CS cells this rapid recovery 
does not occur. The rapid recovery of DNA and RNA 
synthesis in normal cells can be attributed to prefer- 
ential rapid repair of DNA damage in regions that are 
actively transcribed, in contrast to much slower re- 
pair in the bulk of DNA. In CS cells, this preferential 
repair of transcriptionally active DNA does not take 
place, damage in these regions being repaired at the 
same (slow) rate as in the bulk of DNA. So, CS cells are 
defective in the transcription repair pathway, but pro- 
ficient in the global genome repair of UV-induced 
DNA damage. CS cells also show evidence of a defect 
in basal transcription, not related to the defect in the 
transcription-coupled repair pathway. The initial in- 
ability to resume transcription may be attributed to a 
failure to remove DNA lesions from the transcribed 
strand of active genes, but defects in CSB result in fail- 
ure of RNA polymerase II elongation complexes to re- 
sume transcription even after DNA damage is re- 
paired. An arrest of transcription provides a strong 
signal for apoptosis. In addition, there is evidence 
that a defect in the ATPase domain of the CSB protein 
enhances the cellular liability to apoptosis. 

The roles of the products of the genes CSA and CSB 
have been only partially elucidated. CSA is thought to 
associate with components of the DNA repair/basal 
transcription factor TFIIH and CSB. It could have a 
regulatory role in transcription-coupled repair. CSB 
is a DNA-dependent ATPase and stimulates the rate of 
elongation by RNA polymerase II. In addition, it has 
been shown that integrity of the ATPase domain of 
CSB is critical for prevention of DNA damage induced 
apoptosis. 



With respect to the correlation between basic de- 
fect and the clinical features, it is interesting to con- 
sider the differences between CS patients and patients 
with xeroderma pigmentosum. The former lack the 
increased risk for skin cancer despite the presence of 
photosensitivity and the latter usually lack signs of 
neurodegeneration. Xeroderma pigmentosum pa- 
tients are most often deficient in both transcription- 
coupled repair and global genome repair, although 
sometimes in global genome repair only. The photo- 
sensitivity of CS patients is due to the failure in rapid 
repair of crucial regions of DNA, which leads to hy- 
persensitivity of the cells to the lethal effects of UV 
light. But considering the absence of neurodegenera- 
tion in most patients with xeroderma pigmentosum, 
the defect in excision repair cannot explain the neu- 
rological problems of CS patients in a straightforward 
fashion. It is generally accepted that a defect in basal 
transcription plays a role in the development of the 
non-xeroderma-pigmentosum problems. Cells with a 
high metabolic rate, such as cells of the nervous sys- 
tem, which generate high levels of reactive oxygen 
species, may be particularly vulnerable to the effects 
of a combination of endogenous (oxidative) DNA 
damage and transcription deficiency, induced by 
both DNA damage and dysfunction of CS genes. Fur- 
thermore, an arrest of transcription provides a strong 
signal for the apoptosis pathway. CS could be a dis- 
ease characterized by excessive cell death by apopto- 
sis. The apoptosis model could also explain the prob- 
lem of stunted growth and provide the answer to the 
question why CS patients are not prone to skin cancer, 
even in the light of sever sunlight sensitivity: the 
damaged cells become apoptotic. 

Xeroderma pigmentosum/CS patient belong to 
three complementation groups: XP-B, XP-D, and 
XP-G. XPB and XPD are DNA helicases and subunits 
of the DNA repair/basal transcription factor TFIIH. 
They are required for transcription initiation by RNA 
polymerase II under basal conditions and are in- 
volved in the early steps of the nucleotide excision re- 
pair pathway. XPG is involved in promoting efficient 
RNA polymerase II transcription, and a defect in XPG 
causes a deficiency in transcription. As in CS, the pho- 
tosensitivity is attributed to the defect in nucleotide 
excision repair, whereas the non-xeroderma-pigmen- 
tosum manifestations are attributed mainly to crip- 
pled basal transcription. 



32.5 Therapy 

To date no effective mode of therapy has been found 
in CS and the management of the disease is pure- 
ly symptomatic. Patients should be monitored for 
treatable complications, such as hypertension, hear- 
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ing loss, and dental caries. Physical therapy can be 
helpful to avoid contractures. Emollients for dry skin, 
avoidance of excessive sun exposure, and use of sun- 
screens are helpful in diminishing skin problems. 



32.6 Magnetic Resonance Imaging 

CT scan may demonstrate bilateral calcifications of 
the basal ganglia, dentate nucleus and areas of the 
cerebral and cerebellar white matter and cortex 
(Fig. 32.3), although in some patients the calcium de- 
posits are very subtle (Figs. 32.1 and 32.2). Cerebral, 




Fig. 32.1 . Term born infant, now 5 weeks of age, with a clinical 
phenotype of CS type II and belonging to complementation 
group XP-G. Note the severe hypoplasia of the cerebellum and 
brain stem on the sagittal images.The CT scan shows evidence 



of subtle mineralization of the basal ganglia and thalamus.The 
axial T 2 -weighted images show that the brain has a somewhat 
immature gyral pattern for the age of the infant 
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Fig. 32.2. An 1 8-month-old infant with a clinical phenotype 
of CS type II, belonging to complementation group CS-B. Note 
again the hypoplasia of the cerebellum and brain stem on the 



sagittal images and the subtle mineralization of the basal gan- 
glia and thalamus on the CT scan. The axial T 2 -weighted im- 
ages demonstrate seriously deficient myelination 



cerebellar, and brain stem atrophy with prominence 
of sulci and ventricular enlargement is usually seen. 

MRI confirms the presence of variable hypoplasia 
and atrophy, most pronounced in brain stem and 
cerebellum (Figs. 32.1-32.5). There is a loss of white 
matter volume and ventricles are mildly enlarged in 
most patients. MRI is less sensitive than CT in show- 



ing the presence of calcium depositions, but may be 
more accurate in delineating the locations. The 
globus pallidus is most often involved, followed in 
frequency by the dentate nucleus. In addition, calci- 
um depositions may be seen in the putamen and cau- 
date nucleus, and as irregular, not necessarily sym- 
metrical areas in the cortex and white matter of cere- 
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Fig. 32.3. A 6-year-old girl with CS type I. CT scans through the 
posterior fossa and the lateral ventricles show calcifications in 
the dentate nucleus and the basal ganglia. The T 2 -weighted 
MR images reveal white matter hypomyelination and atrophy. 



The myelin deficiency is confirmed by the ^-weighted images 
{middle image, third row). The white matter has an irregular, 
tigroid appearance. Courtesy of Dr. I.N. Snoeck, Juliana Chil- 
dren's Hospital,The Hague, The Netherlands 



brum and cerebellum. In addition, there are symmet- 
rical white matter abnormalities. On T 2 -weighted im- 
ages the signal intensity of the cerebral white matter 
is abnormally high, but usually not so high as in com- 
pletely unmyelinated white matter in neonates. The 
white matter often seems to have a finely irregular, 
granular aspect, probably reflecting the tigroid pat- 



tern of myelin presence (Figs. 32.3 and 32.4). In many 
of the patients the moderately high signal intensity is 
seen throughout the hemispheric white matter, in- 
cluding periventricular white matter and U fibers, 
sometimes also the internal capsule. The corpus cal- 
losum has a better state of myelination. In other pa- 
tients the white matter is better myelinated in the sub- 
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Fig. 32.4. A 7-year-old boy with CS type I. The sagittal images 
reveal serious cerebellar atrophy and some atrophy of the 
brain stem. The cerebral white matter has a high signal on the 
axial T 2 -weighted images with a finely irregular, granular as- 



pect, probably reflecting the tigroid pattern of myelin pres- 
ence.The ^-weighted gradient echo images {third row) reveal 
calcium in the putamen 



cortical areas and the white matter hyperintensity is 
most marked in the periventricular area. Apparently 
delayed and disturbed myelination as well as de- 
myelination play a role in CS. Images in type I and 
type II CS are essentially the same, but in type II CS 
the myelin deficiency is more profound and the cere- 
bellum is as a rule very hypoplastic. 



An MRI pattern combining hypomyelination and 
calcium deposition is highly suggestive of CS. The im- 
ages are similar to those seen in Aicardi-Goutieres 
syndrome, but the calcium depositions tend to be dif- 
ferent. In Aicardi-Goutieres syndrome the calcium 
depositions are typically punctate, with many small 
round deposits which may coalesce to larger irregular 
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Fig. 32.5. This 3-year-old girl with CS type I has a relatively 
mild phenotype. The cerebellum is both hypoplastic and 
atrophic. The brain stem is relatively thin. The CT scan reveals 



at most subtle mineralization of the basal ganglia.The cerebral 
white matter contains more myelin than in the other patients 



areas. In CS the calcium depositions tend to have a 
more homogeneous aspect. Apart from the calcifica- 
tions, the images showing severe hypomyelination 
resemble those of Pelizaeus-Merzbacher disease and 
Salla disease. 



Chapter 33 

Trichothiodystrophy with Photosensitivity 



33.1 Clinical Features 

and Laboratory Investigations 

Trichothiodystrophy with photosensitivity (TTD) is a 
rare, inherited disorder with an autosomal recessive 
mode of inheritance. Multiple names and acronyms 
have been used for the same condition, including 
Tay syndrome, Pollitt syndrome, ONMR (onychotri- 
chodysplasia, neutropenia, mental retardation), BIDS 
(brittle hair, impaired intelligence, decreased fertility, 
short stature), IBIDS ( ichthyosis, brittle hair, impaired 
intelligence, decreased fertility, short stature), SIBIDS 
(osteosclerosis, ichthyosis, brittle hair, impaired intel- 
ligence, decreased fertility, short stature), and PIBIDS 
(photosensitivity, ichthyosis, brittle hair, impaired in- 
telligence, decreased fertility, short stature). Presence 
of a defect in nucleotide repair has not been verified 
in all patients reported under these names. A few 
patients with features of both TTD and xeroderma 
pigmentosum have been reported. 

One of the most striking clinical findings in TTD is 
the abnormal hair. The scalp hair is sparse, short, thin, 
brittle, and dry. The other clinical features of patients 
with TTD are highly variable in expression and sever- 
ity. This partly explains the confusing nomenclature 
in the literature for what is probably the same disease. 
In many cases the brittle hair is associated with neu- 
roectodermal abnormalities. Cutaneous signs include 
photosensitivity, ichthyosis, keratosis, and erythema. 
There is no abnormal pigmentation and no increased 
risk of skin cancer. Some children present at birth as 
collodion babies. Nails are dystrophic. Dental caries is 
common. Patients have short stature and may have 
microcephaly. Neurological and developmental im- 
pairments of patients with TTD are reminiscent of 
those found in Cockayne syndrome. The neurological 
signs may include spasticity with hyperreflexia, cere- 
bellar ataxia, dysarthria, and neurosensory hearing 
impairment. The deep tendon reflexes may also be 
absent due to a concomitant polyneuropathy. Eye ab- 
normalities may include nystagmus, retinal dystro- 
phy, pale optic disc, cataract, and strabismus. Intelli- 
gence is impaired, but to a variable degree. Patients 
have a peculiar face with a beaked nose, receding 
chin, and protruding ears. They show genital abnor- 
malities including cryptorchism, hypospadias, and 
hypoplasia of the genitalia. Delayed or absent puber- 
ty and laboratory evidence of hypergonadotropic hy- 



pogonadism may be found. A few TTD patients have 
been reported who lose their hair and have more se- 
rious skin problems during episodes of fever. Within 
a period of a few months, the scalp hair returns. Some 
patients have increased susceptibility to infections 
due to chronic neutropenia, lymphopenia, or im- 
munoglobulin deficiency. Life expectancy varies. Se- 
verely affected patients may die as early as at the age 
of 3 years, whereas other patients reach their thirties. 

Polarization microscopy of the hair in TTD shows 
a typical appearance of alternating dark and light 
bands, giving the hair a tiger-tail pattern. Scanning 
electron microscopy usually reveals other abnormali- 
ties, including absent or damaged cuticle scales, irreg- 
ular hair surface, trichoschisis, and trichorrhexis no- 
dosa (torsions of the flattened hair shaft). The hair 
and often the nails are characterized by a reduction in 
the cystine/cysteine and sulfur content, due to a de- 
creased amount of sulfur-rich matrix proteins. These 
hair findings are not diagnostic of TTD as similar ab- 
normalities may be found in other disorders, such as 
untreated argininosuccinic aciduria and acroder- 
matitis enteropathica. 

The diagnosis can be confirmed by UV irradiation 
of cultured skin fibroblasts of the patients. Cell lines 
from TTD patients are hypersensitive to killing by 
UV, and show failure of DNA and RNA synthesis to re- 
cover to normal rates after irradiation. TTD cells have 
defective DNA repair of actively transcribed genes 
(transcription-coupled repair) as well as low DNA 
repair in the genome overall (global genome repair), 
the latter demonstrated by deficient unscheduled 
DNA synthesis after UV exposure. Prenatal diagnosis 
is possible using a test showing the defect in nu- 
cleotide excision repair or DNA analysis when the 
responsible gene mutations in a family have been 
demonstrated. 



33.2 Pathology 

At autopsy (unpublished data), micrencephaly is 
found. The most striking finding is a lack of myelin 
throughout the cerebrum and cerebellum, with a 
relatively higher myelin content in the brain stem. 
Loss of Purkinje cells is seen in the cerebellar cortex. 
Calcium deposits are less striking than in Cockayne 
syndrome, but may be present in the basal ganglia. 
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33.3 Pathogenetic Considerations 

Three rare autosomal recessive disorders are associ- 
ated with a defect in nucleotide excision DNA repair: 
xeroderma pigmentosum, Cockayne syndrome, and 
TTD. Xeroderma pigmentosum is characterized by 
photosensitivity, abnormal pigmentation, and a high 
incidence of sunlight-induced skin cancers, but rarely 
by signs of neurological degeneration. Cockayne syn- 
drome is characterized by photosensitivity and a 
severe neurological degenerative disorder, but no 
increased risk of skin cancer. TTD is characterized by 
brittle hair and nails, photosensitivity, and neurolog- 
ical problems, but no skin cancer. Complementation 
analysis by cell fusion has allowed a genetic classifica- 
tion of these disorders. TTD patients belong to three 
complementation groups, XP-B, XP-D, and TTD-A. 
The XPB gene is located on chromosome 2q21and the 
XPD gene on chromosome 19ql3.2. The TTDA gene 
has not yet been characterized. The clinical pheno- 
type of the TTD patients does not correlate with these 
complementation groups. 

Despite the high accuracy of the DNA replication 
process, some errors may arise spontaneously during 
DNA replication through intrinsic instability of 
chemical bonds in DNA. Chemical compounds can 
also cause alterations in the DNA. DNA modifications 
can also arise endogenously through cellular metabo- 
lites, for instance through free radicals generated as 
by-product of oxidative metabolism. The most com- 
mon physical agents causing DNA damage are UV 
and ionizing radiation. If not repaired, DNA damage 
leads to defects in subsequent replication cycles and 
to abnormalities in transcription and translation of 
the information coded in DNA. The result may be cell 
death or genomic instability (mutagenesis). 

There are different basic mechanisms by which 
lesions are eliminated from DNA: direct reversal, base 
excision repair, nucleotide excision repair, and DNA 
double-strand repair. Nucleotide excision repair is a 
complex process that detects, removes, and repairs 
many types of DNA lesions, in particular bulky le- 
sions. The process involves at least 30 proteins, which 
act in a stepwise fashion to recognize the damage, fol- 
lowed by enzymatic incisions in the damaged strand 
on both sides of the lesion, removal of the damaged 
single-stranded segment, repair synthesis to fill in the 
resultant gapped DNA duplex, and ligation of the 
repair patch to the existing DNA strand. Nucleotide 
excision repair has two sub-pathways: transcription- 
coupled repair and global genome repair. The tran- 
scription repair pathway repairs lesions in the strand 
of active, RNA-polymerase-II-transcribed genes. The 
global genome repair pathway removes lesions from 
genes that are transcriptionally inactive. Transcrip- 
tion-coupled repair is about three times faster than 



global genome repair. Damage produced by UV light 
in DNA in normal cells depresses rates of both DNA 
and RNA synthesis, but these rates soon become nor- 
mal. The rapid recovery of DNA and RNA synthesis in 
normal cells can be attributed to preferential rapid 
repair of DNA damage in regions that are actively 
transcribed, in contrast to much slower repair in the 
bulk of DNA. 

The genes mutated in TTD are all related to the 
DNA repair/basal transcription factor II H (TFIIH). 
XPB and XPD are DNA helicases and subunits of 
TFIIH; TTDA is involved in the stabilization of TFIIH. 
The TFIIH complex regulates initiation of transcrip- 
tion by RNA polymerase II under basal conditions, 
and in the case of DNA damage it initiates nucleotide 
excision repair. TTD cells have a defect in both com- 
ponents of the nucleotide excision repair, the prefer- 
ential repair of transcriptionally active DNA and in 
the global genome repair of UV-induced DNA dam- 
age. In addition, like Cockayne syndrome, TTD cells 
have a defect in basal transcription. The photosensi- 
tivity is attributed to the defect in nucleotide excision 
repair, whereas the other manifestations are attrib- 
uted mainly to impairment of basal transcription. 

Intriguingly, in view of the marked differences in 
clinical phenotypes, defects in two of the genes relat- 
ed to TTD (XPB and XPD) can also cause xeroderma 
pigmentosum and the combined symptoms of xero- 
derma pigmentosum and Cockayne syndrome. It has 
been suggested that clinical features of xeroderma 
pigmentosum result from mutations that affect only 
the nucleotide excision repair function of TFIIH, 
while features typical of TTD and Cockayne syn- 
drome are due to impairment of its transcription role. 
This notion has been supported by the spectrum of 
mutations observed in the different patient groups, 
indicating that the site of mutation determines the 
clinical phenotype. It has been demonstrated that 
alterations in XPB, XPD, and TTDA associated with 
TTD specifically reduce the cellular content of TFIIH. 
However, the degree of reduction in the level of 
TFIIH does not correlate with the severity of the TTD 
phenotype, suggesting that the severity of the clinical 
symptoms in TTD cannot be related solely to the 
effects of mutations on the stability of TFIIH. Proba- 
bly, the transcriptional activity of the residual TFIIH 
complexes also plays a role. 

In all TTD patients known so far who show loss of 
hair during fever, the same missense mutation in 
the XPD gene has been demonstrated, either in the 
homozygous or the compound-heterozygous state. 
There is evidence that the XPD protein with this 
amino acid substitution is thermolabile, resulting in a 
further reduction of TFIIH-dependent basal tran- 
scription during fever. 
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33.4 Therapy 

To date no effective mode of therapy has been found 
in TTD and the management of the disease is purely 
symptomatic. Patients should be monitored for treat- 
able complications. Physical therapy can be helpful to 
avoid contractures. Emollients for dry skin, avoidance 
of excessive sun exposure, and use of sun-screens are 
helpful in diminishing skin problems. 

33.5 Magnetic Resonance Imaging 

CT scan may demonstrate bilateral calcifications of 
the basal ganglia, but in most TTD cases no calcium 
deposits are seen. Some cerebral atrophy may be seen 
with mildly enlarged lateral ventricles and subarach- 
noid spaces. 



The most striking finding on MRI is diffuse hy- 
pomyelination involving the cerebral hemispheres 
and cerebellum (Fig. 33.1). Even the brain stem may 
be insufficiently myelinated. In addition, there may be 
some variable atrophy due to loss of white matter vol- 
ume. However, atrophy is not present in all patients. 

A neuroimaging pattern of hypomyelination and 
calcium depositions is highly suggestive of a DNA re- 
pair disorder, either TTD or Cockayne syndrome. The 
pattern is similar to that seen in Aicardi-Goutieres 
syndrome, but the calcium depositions tend to be dif- 
ferent. In Aicardi-Goutieres syndrome the calcium 
depositions are typically punctate, with many small 
round deposits which may coalesce to larger irregular 
areas. In DNA repair disorders, the calcium deposi- 
tions tend to have a more homogeneous aspect. In 
TTD patients without evidence of calcium deposits 
on neuroimaging, the pattern resembles that of 
Pelizaeus-Merzbacher disease and Salla disease. 
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Fig. 33.1. The T 2 -weighted images in a 3-year-old boy with 
TTD show insufficient myelination of the cerebral white mat- 
ter, which has a high signal. Even the corpus callosum and in- 
ternal capsule are hypomyelinated.The cerebellar white mat- 
ter seems to contain more myelin, but still less than normal. 



The coronal ^-weighted images show that there must be 
some myelin, enough to give the white matter a moderately 
high signal. From 0stergaard and Christensen (1 996), with per- 
mission 



Chapter 34 

Pelizaeus-Merzbacher Disease 

and X-linked Spastic Paraplegia Type 2 



34.1 Clinical Features 

and Laboratory Investigations 

Pelizaeus-Merzbacher disease (PMD) is a rare neuro- 
logical disorder affecting the myelination of the CNS. 
The disease has an X-linked recessive mode of inher- 
itance and is usually subdivided into three types: the 
classical type (type I), the connatal type (type II), and 
the transitional type (type III). 

The classical type has its onset in the first year of 
life. Those affected are almost exclusively boys. The 
disease manifests initially by irregular nystagmoid 
eye movements referred to as "dancing," "trembling," 
or "roving." In some children stridor occurs, caused 
by either laryngeal abductor paralysis or laryngoma- 
lacia. There is variable but always marked to severe 
developmental delay with only very slow develop- 
mental progress. Growth is retarded and the head size 
is small, in the low normal or microcephalic range. 
Seizures occur early in the course of the disease. 
Characteristically there is a tremor or bobbing, 
nodding, or shaking movement of the head. Signs of 
tetraspasticity, cerebellar ataxia, and extrapyramidal 
movement disturbances with hyperkinesia, dystonia, 
and choreoathetosis become manifest as the patient 
becomes older. Most patients never walk. The sensory 
system is usually well preserved. Optic atrophy with 
visual failure is common. The nystagmus disappears 
in the course of a few years. Social interactions are 
often relatively well preserved and the intellectual ca- 
pacities are higher than the motor capacities. Skeletal 
abnormalities, such as osteoporosis and kyphoscolio- 
sis, result from the chronic motor disease and occur 
after the disease has been manifest for many years. 
The course of the disease is chronic. Patients may im- 
prove in performance up to the age of 10-12 years. 
From that age onwards, a very slow progression of the 
neurological signs and a decline of mental level is 
usually noted. Death occurs in most patients in early 
or mid adulthood and is usually due to intercurrent 
illnesses. 

Some patients have a milder variant. They may 
achieve aided or unaided walking and demonstrate 
slow neurological deterioration. They may have signs 
of polyneuropathy. 

The connatal type, also called Seitelberger type, is 
a more rare and severe form of PMD. The disease is 
already manifest in the neonatal or early infantile pe- 
riod. The neonatal period may be characterized by 



hypotonia, feeding problems, absent primitive reflex- 
es, and sometimes stridor. Abnormal, nystagmoid eye 
movements and extrapyramidal hyperkinesia occur 
early, followed by the development of epilepsy, spas- 
ticity, cerebellar ataxia, and optic atrophy. Titubation 
is often present. From birth onwards there is a com- 
plete failure of psychomotor development or an early 
loss of attained milestones. Microcephaly and growth 
retardation develop in the subsequent years. Progres- 
sion is rapid, with death occurring in the first decade, 
usually in early childhood. 

The transitional form between the classical and 
connatal types has its onset in the neonatal or early 
infantile period, but its course is less rapid. The dis- 
tinction between the classical, transitional, and con- 
natal forms of PMD is ill-defined. The age of onset 
does not appear to be the most valuable discriminat- 
ing factor between the types of PMD. The rate of pro- 
gression is the most useful and earliest reliable means 
of differentiating the different types. 

The nosology of PMD is a matter of debate. Some 
include all patients with evidence of severe hy- 
pomyelination on MRI and a Pelizaeus-Merzbacher- 
like clinical picture under the heading of PMD, even 
in sporadic cases, in female patients, or in the case of 
autosomal recessive inheritance. In particular with 
connatal onset, female patients can be found. An adult 
variant of PMD has been suggested: the Lowen- 
berg-Hill type. We prefer to include under the head- 
ing of PMD only patients in whom a proteolipid pro- 
tein (PLP) gene mutation has been found or in whom 
the family history indicates an X-linked recessive in- 
heritance. Another basic defect should be sought for 
the remaining patients. 

Mothers of boys suffering from classical PMD 
sometimes develop neurological problems including 
spasticity, bladder dysfunction, personality changes, 
dementia, and polyneuropathy. Incidentally female 
patients in sibships with classical PMD show identical 
clinical and postmortem neuropathological findings. 

X-linked spastic paraplegia type 2 (SPG2) and 
PMD are allelic conditions. The pure form of SPG2 
leads to spasticity only. The legs are more severely in- 
volved than the arms. An intention tremor may be 
present. There are no other neurological deficits and 
intelligence is normal. The disease is slowly progres- 
sive and the life span is nearly normal. The age of on- 
set varies from a few years of life to the teenage peri- 
od. The complicated form of SPG2 also leads to slow- 



34.2 Pathology 273 



ly progressive spasticity, but there are additional 
signs in common with PMD, which may include nys- 
tagmus, optic atrophy, cerebellar ataxia, sensory dis- 
turbances, and dysarthria. Walking may be delayed 
but all patients achieve unaided walking. Mild mental 
retardation is present in some of the patients. Analy- 
sis of SPG2 and PMD families shows a great overlap of 
clinical findings, both within and between families. 
Therefore, mutations in the PLP gene lead to a spec- 
trum of disorders ranging from connatal PMD 
through the various manifestations of the classical 
PMD disease to pure SPG2. 

Routine and metabolic laboratory investigations 
are of no help in establishing the diagnosis. Nerve 
conduction velocities and electromyography are usu- 
ally normal, but in some patients mild to moderate 
slowing of nerve conduction velocities and neuro- 
genic changes in electromyography are found. Evoked 
potential studies are of some help in PMD. In BAEP 
studies usually only wave I or waves I and II are pre- 
sent and later components are absent, indicative of 
abnormalities at brain stem level. ERG is normal. VEP 
and SSEP are absent or abnormal with increased la- 
tency, abnormal shape, and decreased amplitude. 
Definite diagnosis in PMD and SPG2 is DNA-based. 
Prenatal diagnosis and carrier detection are possible 
using DNA techniques. 



34.2 Pathology 

In PMD, the brain is too light for the patient's age and 
shows signs of diffuse atrophy, involving cerebral 
hemispheres and in particular brain stem and cere- 
bellum. On sectioning the white matter appears re- 
duced in volume to a variable extent and the corpus 
callosum is markedly reduced in width. Microscopic 
examination shows lack of myelin in all parts of the 
CNS. The pathological picture is basically the same in 
all PMD patients irrespective of subtype, but with 
variable severity. 

In connatal PMD, the pathological picture varies 
from a marked lack of myelin to a complete absence 
of myelin in all parts of the brain and spinal cord. The 
myelin present is usually found in the spinal cord and 
the deeper parts of the brain: the diencephalon 
(globus pallidus, posterior limb of the internal cap- 
sule, thalamus), the brain stem (tegmentum of pons 
and mesencephalon, mesencephalic pyramidal tracts), 
and the central part of the cerebellum. The myelin is 
usually present in perivascular islets. Also, residual 
myelin islets are sometimes present in the subcortical 
white matter, especially in the pre- and postcentral 
gyri. There are no signs of active demyelination. 
There are no or little sudanophilic breakdown prod- 
ucts in the white matter. Oligodendrocytes are re- 
duced in number or completely absent. The axons are 



relatively well preserved. Some axonal loss may be 
seen in completely demyelinated areas. The severity 
of the concomitant fibrillary gliosis varies from slight 
to dense. The gray matter is also affected; the intra- 
cortical myelin is completely or almost completely 
absent, but the normal cytoarchitecture is preserved. 
The cerebellar cortex shows loss of Purkinje cells and 
granular cells. Myelin is also deficient in the optic 
nerves and chiasm. 

The abnormalities in classical PMD are less pro- 
nounced and myelin deficiency is less severe. There is 
a patchy absence of myelin with preservation of 
numerous myelin islets giving the white matter a 
so-called tigroid pattern. Most of the myelin islets 
surround small blood vessels. The myelin sheaths in 
these islets are thin and composed of only a few 
myelin lamellae. Microscopically some remaining 
myelin sheaths are also seen in the areas, which are 
otherwise devoid of myelin. At most small amounts of 
sudanophilic lipid products are found. Oligodendro- 
cytes are numerically reduced, especially in the areas 
lacking myelin. All parts of the CNS are affected in the 
same way, but the spinal cord, brain stem, cerebellum, 
diencephalic structures, and subcortical white matter 
show a relatively good state of myelin preservation. In 
all areas of the CNS axons are relatively well pre- 
served. Where myelin is absent, the remaining white 
matter is mainly composed of naked axons. Fibrillary 
gliosis varies from slight to intense. The astrocytes 
are sometimes hypertrophied. The gray matter is also 
involved in the process; myelin sheaths are reduced in 
number or are absent, but the cortical cytoarchitec- 
ture as well as the individual nerve cells are normal, 
although a certain loss of and damage to nerve cells 
may be seen. In the cerebellar cortex, loss of Purkinje 
cells and granule cells may be evident. 

Whereas most PMD patients do not show signs of 
primary axonal degeneration, evidence of length-de- 
pendent axonal degeneration is seen in patients with 
a PLP gene deletion or null mutation. 

Myelin is present in normal amounts for age in the 
PNS, including spinal roots and cranial nerves with 
the exception of the optic nerve in most PMD 
patients. However, in some patients the peripheral 
nerves are affected and myelin loss is found. 

The transitional type shows abnormalities inter- 
mediate in severity between the connatal and the 
classical types. 

Electron microscopy demonstrates that the few 
oligodendrocytes present contain an excess of cyto- 
plasmic dense bodies and a poorly developed endo- 
plasmic reticulum. There is condensation of nuclear 
chromatin, strongly suggestive of apoptosis, as has 
been found in animal models. 

Information on the neuropathology of SPG2 is lim- 
ited. A severe myelin deficiency has been reported in 
the spinal cord, contrasting with a mild lack of myelin 
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in the cerebral hemispheric white matter with sparing 
of the U fibers. 



34.3 Chemical Pathology 

Chemical analysis of the remaining myelin in PMD 
reveals that its lipid content is greatly reduced and its 
protein content, conversely, relatively increased. Cere- 
brosides are reduced in quantity and sulfatides are 
greatly reduced in quantity. The remaining glyco- 
lipids contain an abnormally high proportion of 
glucose with a proportional reduction in galactose. 
The myelin ganglioside content and cholesterol con- 
tent are near normal. Phospholipids are increased, 
particularly sphingomyelin, choline phosphoglyc- 
erides, and inositol phosphoglycerides, whereas 
ethanolamine phosphoglycerides and plasmalogens 
are reduced. Protein analysis shows that proteolipid 
protein is absent, myelin basic protein is decreased, 
whereas so-called Wolfgram proteins are increased. 

The chemical composition of whole white matter 
depends on the amount of myelin that is present. The 
water content is abnormally high. Those lipids that 
are generally recognized as myelin lipids are either 
absent or markedly reduced. No or very little sulfatide 
is present. A marked reduction is seen in cerebroside, 
cholesterol, and phospholipids. The cholesterobphos- 
pholipidicerebroside ratio is similar to the ratio in 
brain prior to myelination. Gangliosides are found in 
normal concentrations. No or only a very small 
amount of cholesterol esters are present. The protein 
composition of white matter is also altered with ab- 
sence of proteolipid protein and reduction of other 
myelin proteins. 

In contrast to white matter, the chemical composi- 
tion of gray matter is much closer to normal. The con- 
centration of sulfatides and cerebrosides is decreased, 
but the concentration of phospholipids, cholesterol, 
and gangliosides is normal or close to normal. 



34.4 Pathogenetic Considerations 

For many decades the pathogenesis of the lack of 
myelin in the CNS in PMD has been a matter of 
debate. The original contention of Merzbacher was 
that the lack of myelin sheaths was due to faulty or 
absent myelination. Subsequently, many authors have 
classified PMD among the leukodystrophies and 
described the histopathological findings as tigroid 
demyelination. However, several histological and 
chemical findings are not consistent with demyelina- 
tion, but are consistent with a defect in myelin depo- 
sition. Histological examination fails to reveal signs 
of active demyelination. The small amounts of myelin 
degradation products are in conformity with at best a 



very slow breakdown of myelin. Oligodendrocytes are 
found to be decreased in number, show morphologi- 
cal abnormalities, and appear inactive. The chemical 
findings of no or at most a low level of cholesterol 
esters in the white matter is not in agreement with 
active demyelination. The cholesteroliphospholipid: 
cerebroside ratio in PMD corresponds with the ratio 
in the brain prior to myelination. The low ratio of 
ethanolamine phosphoglycerides to choline phos- 
phoglycerides in PMD is an indication of a poor state 
of maturation of the brain, as the ratio increases with 
maturation. The high glucose content of glycolipids is 
also an indication of the immature state of the brain; 
as maturation proceeds, glucolipids are replaced by 
galactolipids. The topography of the myelin present is 
in conformity with an arrest of myelination, which 
apparently occurs before birth (connatal form) or 
within the first year of life (classical and transitional 
form). So, the severity of the clinical phenotype seems 
to be related to the degree of myelin deficiency. 

PMD caused by a defect in the gene coding for pro- 
teolipid protein (PLP). The PLP gene is localized on 
the long arm of the X chromosome (Xq21.33-Xq22). 
It codes for PLP as its major gene product and addi- 
tionally for DM 20 due to alternate splicing of mRNA. 
DM 20 is identical to PLP but 35 amino acids shorter. 

The oligodendrocyte is the predominant cell in 
which the PLP gene is expressed in the CNS. PLP and 
DM20 are produced in the endoplasmic reticulum 
and routed through the Golgi to the plasma mem- 
brane. PLP is a major myelin membrane protein. 
Myelin basic protein and PLP normally constitute 
more than 80% of the total CNS myelin proteins. 
Myelin basic protein accounts for 30-40% of the total 
myelin protein, PLP for 40-50%. PLP and its less 
abundant isoform DM20 are strongly hydrophobic 
transmembrane proteins. They are myelin -specific 
and almost entirely confined to the CNS. They are, 
however, minor constituents of the PNS and compose 
less than 1 % of the mass of PNS myelin proteins. The 
compact lamellar structure of myelin is organized 
and stabilized by the two main myelin proteins, 
myelin basic protein as a peripheral membrane pro- 
tein, and PLP as a strongly hydrophobic integral 
membrane protein. Myelin basic protein contributes 
to the compaction of the major dense lines and PLP to 
the tight apposition of the intraperiod lines in the 
myelin sheath. DM 20 is the predominant isoform in 
oligodendrocyte progenitors and is expressed before 
PLP in the developing brain. DM20 has biological 
functions in the maturing CNS that are distinct from 
the role of PLP. 

Although PLP and DM 20 have been studied exten- 
sively, their biological functions are still not known in 
detail. Mice in which PLP gene expression has been 
inactivated demonstrate only subtle defects in the 
ultrastructure of CNS myelin, demonstrating that 
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neither PLP nor DM20 is necessary for normal 
myelin assembly. These mice develop widespread 
wallerian degeneration of CNS axons, demonstrating 
that PLP expression in oligodendrocytes is necessary 
for the maintenance of normal axonal integrity, prob- 
ably through oligodendrocyte-axonal interactions. 

Many different mutations in the PLP gene related 
to PMD have been identified. Gene duplications are 
the most common cause of PMD and account for over 
60% of the mutations. Furthermore, missense muta- 
tions, insertions, deletions, and nonsense mutations 
have been found. Point mutations do not only occur 
in the coding regions of the gene, but may also affect 
splice sites and noncoding regions of the gene. The 
severity of the clinical phenotype is related to the na- 
ture of the mutations. The most benign course of 
PMD is seen in PLP gene deletions or null mutations, 
whereas most missense mutations lead to a serious 
disease with neonatal or prenatal onset. Gene duplica- 
tions lead to a disease of intermediate severity (usual- 
ly the classical phenotype). The disease severity in 
duplications is proportional to the degree of overex- 
pression of the PLP gene. In some mutations only PLP 
is altered whereas DM 20 is produced correctly, result- 
ing in the more benign phenotype of SPG2. SPG2 may 
also be seen in PLP null mutations or point mutations 
in some nonconserved regions of the PLP gene. 

The mode of action of changes in or absence of 
PLP has not yet been fully elucidated. There is exper- 
imental support for the concept that missense muta- 
tions cause conformational changes of the protein, 
"misfoldings" that prevent proper processing of PLP 
and DM20 after biosynthesis in the endoplasmic 
reticulum. The accumulation of the mutated proteins 
in the endoplasmic reticulum of oligodendrocytes 
leads to the so-called unfolded protein response, 
which sets into motion an apoptotic cascade. The 
greater the accumulation of mutated proteins, the 
more intense the unfolded protein response and the 
higher the likelihood of apoptosis of oligodendro- 
cytes. Oligodendroglial cell death leads to hypomyeli- 
nation. In mutations in which PLP is mutated but nor- 
mal DM 20 is produced, the trafficking of mutated PLP 
to the cell surface is disrupted, but the trafficking of 
DM 20 is normal, a situation that leads to milder dis- 
ease. Much more myelin is produced than in classical 
PMD, but the myelin is less stable. Myelin instability 
and loss may contribute to the clinical phenotype. 

In gene duplications, the excessive biosynthesis of 
PLP and DM 20 has deleterious effects on oligoden- 
droglia, leading to CNS hypomyelination and sub- 
sequent demyelination, but there is no evidence of 
activation of the unfolded protein response. Over- 
expression of the PLP gene leads to arrested matura- 
tion and death of oligodendrocytes. Overexpressed 
PLP is routed to late endosomes/lysosomes and caus- 
es sequestration of cholesterol in these compart- 



ments. Oligodendroglia may be particularly sensi- 
tive to an imbalance in the synthesis and turnover 
of myelin components due to their high rate of 
myelin synthesis. Considering the premature death of 
oligodendrocytes in PLP gene duplications, it is likely 
that a death program is triggered early in the disease 
course. 

Gene deletions and null mutations do not lead to 
accumulation of mutated protein in the endoplasmic 
reticulum, do not cause increased oligodendrocyte 
cell death and arrest of myelination, and lead to a 
mild phenotype. It is intriguing that in these condi- 
tions the formation of compact myelin can proceed, 
while PLP and DM20 are absent. In null mutations 
axonal abnormalities with wallerian degeneration are 
found in the CNS. This suggests that PLP has a role in 
glial-axon communication and is somehow neces- 
sary for axonal maintenance. In patients with absent 
PLP expression, a demyelinating peripheral neuro- 
pathy has been reported. It has been demonstrated 
that PLP but not DM 20 is necessary for peripheral 
nerve function, suggesting that the PLP-specific 
domain plays an important role in this respect. 

The cause of the secondary neurological deteriora- 
tion in PMD is insufficiently clarified. It is possible 
that the small amount of myelin present is unstable, 
leading to a very slow breakdown. In some patients 
histopathology provides evidence for axonal loss. 
There seems to be an inverse relationship between 
initial clinical severity of the disease (and the severi- 
ty of the myelin deficit) and axonal loss. Axonal loss is 
especially seen in patients with milder disease and 
more myelin, for instance in patients with a null 
mutation. 

As a rule PMD affects hemizygous males. However, 
from the beginning the occurrence of PMD has also 
been noticed in girls and women. This phenomenon 
has been ascribed to highly unfortunate X inactiva- 
tion. Some female patients may have transient neuro- 
logical abnormalities of variable severity as children 
but gradually improve over a period of several years. 
This functional restoration is attributed to ongoing 
myelination by oligodendrocytes, in which the 
healthy X chromosome is not inactivated. However, in 
most patients the occurrence cannot be explained by 
mechanisms related to X inactivation. It has become 
apparent that female patients are more common in 
families with milder forms of PMD or SPG2. Women 
heterozygous for PLP mutations are mosaic: one pop- 
ulation of oligodendrocytes expresses normal PLP 
and synthesizes normal myelin sheaths, whereas the 
other population expresses a mutant form of PLP. The 
lack of phenotype in most female PMD carriers can 
be attributed to the phenomenon that oligodendro- 
cytes in which the mutant X chromosome is activated 
become apoptotic and are replaced by healthy oligo- 
dendrocytes. Most of the resulting population con- 
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sists of healthy oligodendrocytes at the peak of myeli- 
nation. In contrast, in female carriers of a mild muta- 
tion the mutant oligodendrocytes survive and com- 
pete with normal oligodendrocytes. They produce 
structurally flawed myelin sheaths, which are suscep- 
tible to degradation. Because the affected females 
maintain a population of normal oligodendrocytes, 
they never display as marked a phenotype as male 
members of the same family. 



34.5 Therapy 

Apart from supportive care there is presently no 
effective therapy for PMD and SPG2. Transplantation 
of myelin forming cells is a promising strategy. 



34.6 Magnetic Resonance Imaging 

CT scanning is of little help in the diagnosis of PMD, 
showing only atrophy. 

In contrast, the MRI pattern in PMD is usually 
highly suggestive of the disorder. In most cases, MRI 
shows an arrest of myelination in a stage that is in 
itself normal (Figs. 34.1 and 34.2). There is a correla- 
tion between the amount of myelin present and the 
clinical severity of the disease. In some cases of con- 
natal PMD, no myelin at all is seen. The T 2 -weighted 
images show a high signal intensity of all unmyelinat- 
ed white matter structures, whereas these structures 
have a low signal intensity on T r weighted images. In 
fact, no high signal intensity areas are seen on T r 
weighted images in these cases. In cases of classical 
PMD myelin is present in (parts of) the brain stem, 
(parts of) the cerebellar white matter, (parts of) the 
posterior limb of the internal capsule, the thalamus, 
and the globus pallidus. Often the pyramidal tracts in 
the brain stem lack myelin while the brain stem is 
otherwise better myelinated. In some cases addition- 
al myelin is present in the directly periventricular 
part of the corona radiata, in the subcortical white 
matter and cortex of the pre- and postcentral gyri, 
and in the directly periventricular part of the optic 
radiation. The myelinated structures have a low signal 
intensity on T 2 -weighted images and a high signal in- 
tensity on T r weighted images. The pattern described 
is a normal stage of myelination for a neonate or an 
infant in the first few months of life, but not normal 
for the age of the patient. In addition, the cerebral 
white matter is variably but often markedly reduced 
in volume with a mild enlargement of the ventricular 
system, a thin corpus callosum, folding of the cortex 
in thin, deep gyri, and enlargement of the subarach- 
noid spaces (Fig. 34.1). The appearance of the white 
matter is often not completely identical to normal 
unmyelinated white matter, but may be somewhat 



speckled, possibly reflecting the presence of some 
myelin in a tigroid pattern. Atrophy of brain stem and 
cerebellum maybe striking. If MRI is performed dur- 
ing the first few months of life, the images are not di- 
agnostic as they merely show some atrophy and delay 
of myelination or may even be near-normal in ap- 
pearance, but repeated MRI confirms the absence of 
progress of myelination. The described pattern of 
myelin deficiency in a boy who is a few years old is 
highly suggestive of PMD. Proton MRS of the cerebral 
white matter may give normal results. In some pa- 
tients an increased concentration of AT-acetylaspar- 
tate is found, probably related to denser axonal pack- 
ing in the absence of normal amounts of myelin. 

Arrest of myelination may be seen in other condi- 
tions, such as severe asphyxia or late congenital infec- 
tions, but as a rule in these conditions additional 
focal brain lesions are present which are lacking in 
PMD. Most conditions other than PMD, having an 
adverse effect on myelination, lead to delayed but 
slowly progressive myelination, with advancement of 
the degree of myelination on each repeat MRI if made 
after a sufficiently long interval. Hence, repeated MRI 
is of help in establishing the diagnosis of PMD. Seri- 
ous and permanent hypomyelination is also present 
in some DNA repair disorders and sialic acid storage 
disorders. These can be ruled out on the basis of clin- 
ical findings and appropriate biochemical tests. In ad- 
dition, patients with Cockayne syndrome typically 
have calcium deposits within the basal ganglia, a phe- 
nomenon lacking in PMD. 

In cases of mild PMD, related to gene deletions or 
null mutations, more myelin is present in the cerebral 
hemispheres and corpus callosum (Figs. 34.3 and 
34.4). The pattern of myelination may be patchy and 
myelination may involve the subcortical areas in par- 
ticular. In a family with multiple males with mild 
PMD related to a null mutation (initiation codon 
mutation) we found considerable although incom- 
plete initial myelination of the cerebral hemispheres 
(Fig. 34.3), with subsequent cerebral atrophy and 
diffuse loss of myelin in a way seen in primary neuro- 
degenerative disorders, suggesting underlying axonal 
degeneration and secondary loss of myelin (Fig. 34.4). 
In MRS of one of these patients a strikingly decreased 
level of AT-acetylaspartate was found within the cere- 
bral white matter, in agreement with axonal degener- 
ation. Decreases in AT-acetylaspartate within the 
cerebral white matter have also been found in other 
patients lacking PLP. 

Some female carriers of PMD have been shown to 
have multiple foci of increased signal intensity in the 
cerebral white matter, but others have not. MRI is not 
suitable as a tool for carrier identification. In some 
more seriously affected females, an MRI pattern of 
profound myelin deficit may be seen, similar to the 
pattern observed in male patients. 
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Fig. 34.1. Boy, 29 months old, with classical PMD. The T r 
weighted images {third row) show presence of myelin in the 
central areas. On the T 2 -weighted images as well, some myelin 
is seen in the cerebellum and brain stem.The pattern of myelin 



presence is consistent with arrest of myelination soon after 
birth. There is some cerebral atrophy. Courtesy of Dr.JJ.M.van 
Collenburg, Zwolle,The Netherlands 



In SPG2 MRI abnormalities vary. Diffuse serious 
white matter changes may be seen as in males with 
classical PMD, with a high signal of the white matter 
on T 2 -weighted images and a low signal on T^ -weight- 
ed images. In some cases the MRI is suggestive of dif- 
fuse or patchy mild hypomyelination with a mildly el- 
evated signal on T 2 -weighted images, but also a high 



signal on T r weighted images. In other patients wide- 
spread or more limited focal lesions are seen within 
otherwise well myelinated white matter. Proton MRS 
of affected white matter in SPG2 patients has demon- 
strated decreased levels of AT-acetylaspartate, indica- 
tive of axonal damage or loss. 



278 Chapter 34 Pelizaeus-Merzbacher Disease and X-linked Spastic Paraplegia Type 2 




Fig. 34.2. A 6-year-old boy with classical PMD.The TVweight- matter has a high signal intensity throughout.The brain stem 
ed images reveal some myelin in the central white matter and cerebellar white matter contain more myelin, but less than 
{third row), but the T 2 -weighted images show that the white normal. It is striking that this patient has no atrophy 
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Fig. 34.3. This 2.5-year-old boy has a relatively mild form of 
PMD and an initiation codon mutation (Sistermans et al. 1 996). 
The T r weighted images {third row) suggest an advanced 
stage of myelination, but the T 2 -weighted images demon- 
strate that myelination is far from complete. Most cerebral 



hemispheric white matter has a high signal; some deep white 
matter in the parieto-occipital region has a low signal. The cor- 
pus callosum and brain stem also have a low signal intensity 
on theT 2 -weighted images 
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Fig. 34.4. The same boy as in Fig. 34.3, 8 years later. He has lost 
myelin. The corpus callosum and deep parieto-occipital white 
matter now have a high signal on the T 2 -weighted images. 
The T] -weighted images {third row) show a loss of contrast 



between white and gray matter, indicative of diffuse myelin 
loss. Compared to 8 years ago, there is some diffuse cerebral 
atrophy 



Chapter 35 

18q~ Syndrome 



35.1 Clinical Features 

and Laboratory Investigations 

The 18q~ syndrome is an autosomal deletion disorder 
with variable phenotype. Most patients have a de no- 
vo deletion, but in some patients it is inherited. The 
most frequent disease characteristics include mental 
retardation, short stature, microcephaly, midface 
hypoplasia, hypertelorism, epicanthus, carp-shaped 
mouth, high or cleft palate, preauricular skin tags, 
narrow or atretic ear canals, sensorineural or conduc- 
tive hearing deficit, short neck, tapering fingers, clin- 
odactyly, proximally placed thumbs, prominent fin- 
ger whorls, widely spaced nipples, congenital heart 
disease, genital abnormalities, and foot deformities. 
Mental capacities vary from borderline to severely 
deficient. Apart from mental retardation, neurologi- 
cal abnormalities include hypotonia, seizures, nystag- 
mus, poor coordination, tremor, and choreoathetosis. 
Routine and metabolic laboratory investigations 
reveal no abnormalities. IgA deficiency and abnor- 
malities in growth hormone production are relatively 
frequent. Peripheral nerve conduction is normal. 
Study of evoked potentials may reveal prolonged cen- 
tral conduction. Chromosomal analysis reveals a par- 
tial deletion of the long arm of chromosome 18, most 
often including the bands q22.3^qter. Inversion of 
the long arm of chromosome 18 with loss of the 18q23 
region, translocations involving 18q, ring chromo- 
some 18, and interstitial 18q23 deletions may also be 
seen. 



35.2 Pathology 

Reduction of cerebral white matter and delay of 
myelination are the main histopathological findings. 
Ventricles and subarachnoid spaces may be mildly 
enlarged. 



35.3 Pathogenetic Considerations 

18q~ Syndrome is a contiguous gene syndrome. It is 
likely that haplo-insufficiency of genes located in the 
deleted region explains the clinical phenotype and 
that the variability of the phenotype depends on the 
exact genes deleted. However, whether there is a cor- 
relation between the size of the deletion and the phe- 



notype or not is still controversial. The deletion in the 
18q~ syndrome includes the locus for the myelin basic 
protein gene (18q22-23). It is likely that the impair- 
ment in myelination of the CNS is at least partially 
related to haplo-insufficiency of the myelin basic pro- 
tein gene. In patients with an interstitial deletion of 
chromosome 18, which retains the myelin basic pro- 
tein region, myelination is normal (Linnankivi et al. 
2003). The two most important proteins of CNS 
myelin are proteolipid protein and myelin basic pro- 
tein. Myelin basic protein accounts for 30-40 % of the 
total myelin protein, proteolipid protein for 40-50%. 
The 18q" syndrome could be considered to be the 
autosomal counterpart of X-linked Pelizaeus-Merz- 
bacher disease, which is caused by mutations of the 
proteolipid protein gene. However, an important dif- 
ference is that one normal myelin basic protein gene 
is present in the 18q~ syndrome, whereas no normal 
proteolipid protein gene at all is present in males 
suffering from Pelizaeus-Merzbacher disease. Peli- 
zaeus-Merzbacher disease is characterized by severe 
impairment of myelination of the CNS. The extent of 
impairment of myelin deposition is less severe and 
more variable in the 18q~ syndrome. The degree to 
which myelination is affected in the 18q~ syndrome 
has been found to correlate with the severity of the 
other features, whereas the myelin basic protein gene 
is included in the deletion in all patients. It is there- 
fore unlikely that the presence of only one copy of the 
myelin basic protein gene is solely responsible for 
producing the abnormalities in myelination. 

The so-called shiverer mouse has an autosomal re- 
cessive disease related to a mutation of the myelin ba- 
sic protein gene. In this mouse a defect in CNS myeli- 
nation is found. Clinical disease is characterized by 
generalized action tremor, increasingly frequent con- 
vulsions, and premature death. Histopathological ex- 
amination reveals that CNS myelin is largely absent 
and, when present, appears as abnormal whorls of cy- 
toplasm-filled membranes, tightly compacted at the 
intraperiod line, but uncompacted at the major dense 
line. The so-called myelin-deficient mouse has a du- 
plication of the myelin basic protein gene and a low 
level of myelin basic protein mRNA. The phenotype 
of the myelin-deficient mouse is similar to that of the 
shiverer mouse, but less severe. 

Myelin basic protein is also a component of PNS 
myelin. A curious feature is that absence or mutation 
of the gene has little effect on PNS myelin. PNS is on- 
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Fig. 35.1. A 2.5-year-old girl with 18q- syndrome. Note the 
delay in myelination, leading to poor contrast between gray 
and white matter. There are additional spots of abnormal sig- 



nal intensity in the periventricular region.The corpus callosum 
is relatively well myelinated. The gyri have a relatively thin, 
atrophic appearance 



ly subtly altered and is functionally normal. It is sug- 
gested that some component specific to peripheral 
myelin is functionally equivalent to myelin basic pro- 
tein and capable of substituting for this protein in its 
absence. 



35.4 Therapy 

Supportive care is the only therapeutic option. 
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Fig. 35.2. The transverse T 2 -weighted MRI series of this 3- 
year-old boy shows widespread patches of hypomyelination. 
Myelination is delayed for the age of the child, most evidently 



in the temporal lobes, where the white matter still has a high- 
er signal intensity than the cortex. Courtesy of Prof. Dr. U. 
Stephani, Kiel and Prof. Dr. B.Terwey, Bremen, Germany 



35.5 Magnetic Resonance Imaging 

MR images show a variable myelin deficit. Initially, 
myelination is delayed (Fig. 35.1) but further ad- 
vanced at every follow-up MRI. In older patients a sta- 
ble picture of incomplete myelination is seen. The 
severity of the myelin deficit is variable. In some pa- 
tients, a near-total absence of myelin in cerebral and 
cerebellar white matter, internal capsule, and corti- 
cospinal tracts is seen with relatively normal myelina- 
tion of the corpus callosum. The cortical gyri are rel- 
atively thin and the sulci relatively deep due to reduc- 
tion in white matter volume. Other patients have bet- 
ter myelination. The partial hypomyelination often 
leads to poor differentiation on MRI between white 



and gray matter (Fig. 35.1). The myelin deficiency in 
the cerebral hemispheric white matter is often patchy 
with focal white matter signal abnormalities (Fig. 
35.2). In some patients, hypomyelination of the corti- 
cospinal tracts in the brain stem and posterior limb of 
the internal capsule is present, but in most other pa- 
tients these structures contain a considerable amount 
of myelin. The corpus callosum seems to have a rela- 
tively normal myelin content. Measurements of white 
matter T x and T 2 relaxation times show significant 
prolongation in patients with the 18q~ syndrome, 
even in structures that seem well myelinated such as 
the corpus callosum, compatible with incomplete 
myelination. In some patients the lateral ventricles 
are mildly enlarged. 



Chapter 36 

Phenylketonuria 



36.1 Clinical Features 

and Laboratory Investigations 

Phenylketonuria (PKU) represents a heterogeneous 
group of disorders with autosomal recessive inheri- 
tance. PKU, or hyperphenylalaninemia, is caused by 
a deficiency of the phenylalanine hydroxylating sys- 
tem. The phenylalanine hydroxylating system con- 
sists of two essential components: phenylalanine 
hydroxylase and coenzyme tetrahydrobiopterin 
(Figs. 36.1 and 36.2). PKU is in most patients caused 
by deficiency of phenylalanine hydroxylase, and in a 
minority of patients by deficiency of tetrahydro- 
biopterin. 

Classical PKU is due to severe phenylalanine hy- 
droxylase deficiency. Infants with this disease are 
normal at birth. In the course of the first year of life 
psychomotor retardation becomes evident. Eczema is 
present in a considerable number of patients, usually 
from infancy to late childhood. The patients often, but 
not always, have blond hair, fair skin, and blue eyes. 



They often have a mousy, musty odor. Seizures may 
occur, taking the form of tonic-clonic seizures, my- 
oclonic seizures, and infantile spasms. Irritability, fre- 
quent vomiting, and insufficient growth are part of 
the clinical picture. The final mental level of PKU 
children is deficient, but the children are trainable. 
Verbal IQ is lower than performance IQ. The children 
are small and often microcephalic. Pyramidal signs 
are present with hypertonia, gait disturbances, hyper- 
reflexia, and extensor plantar reflexes. Frequently a 
rapid, fine, and irregular tremor of the hands is pre- 
sent. Abnormal choreoathetoid movements may be 
present with twisting movements, continuous repeti- 
tious finger movements, and rhythmical swinging 
body movements. Psychiatric disturbances with se- 
vere hyperactivity, destructiveness, self-mutilation, 
and uncontrollable attacks of rage or excitement are 
common. 

Worldwide neonatal screening programs have led 
to early detection of almost all PKU patients. Early 
dietary treatment prevents most of the described ab- 
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normalities, which are now rarely seen. Intelligence is 
usually within the normal range, although mean in- 
telligence in patients with classical PKU who are 
treated early is roughly half a standard deviation low- 
er than the IQ of unaffected siblings and population 
norms. Treated PKU patients are generally slower to 
acquire language and have a higher frequency of 
learning difficulties and behavioral disturbances, 
with hyperactivity, anxiety, and poor concentration. 
The better the dietary control in early and middle 
childhood, the better the outcome. Despite neonatal 
screening programs, there are still a number of pa- 
tients with PKU who are not diagnosed in the neona- 
tal period and start treatment late. In general, the lat- 
er the onset, the lower the IQ scores. Strict dietary 
treatment was formerly thought to be important only 
during the period of major cerebral maturation and 
used to be moderated or stopped in mid to late child- 
hood. However, there is now evidence that with dis- 
continuation of strict diet and a rise in phenylalanine 
levels, some cognitive deterioration and emotional 
problems develop in many patients, together with an 
increase in motor problems consisting of tremor and 
signs of spasticity of the legs. Reinstitution of strict 
diet may result in disappearance of these problems. 

Maternal PKU appears to have detrimental effects 
on embryogenesis and fetal development. The off- 
spring of females with classical PKU, who are no 
longer being treated, show a high frequency of in- 



trauterine and extrauterine growth retardation, 
microcephaly, and mental handicap, occasionally 
accompanied by malformations of the heart or other 
organs. The incidence of these aberrations appears to 
be correlated with the maternal concentration of 
serum phenylalanine. Reinstigation of dietary treat- 
ment prior to conception has a favorable effect on 
outcome. 

Mild variants of classical PKU lead to less severe 
mental retardation if untreated. Patients tolerate a 
larger intake of phenylalanine and successful treat- 
ment requires a less rigid diet than in the case of se- 
vere classical PKU. 

In so-called persistent hyperphenylalaninemia 
mildly elevated serum phenylalanine levels are found, 
but there are no clinical symptoms and treatment is 
not necessary. 

Approximately 2% of newborns with PKU have a 
tetrahydrobiopterin deficiency. In the most severe pa- 
tients microcephaly, developmental delay, and pro- 
gressive neurological dysfunction occur, leading to 
death in childhood, although some patients stabilize 
or make some developmental progress. Early in life 
patients present with microcephaly, disturbed psy- 
chomotor development, and the other neurological 
problems associated with hyperphenylalaninemia. In 
addition, signs of extrapyramidal dysfunction are 
prominently present and consist of parkinsonism, 
chorea, dystonia, oculogyric spasms, or myoclonus. 



guanosine triphosphate 

1 g uan osine triph os p h ate cyclohyd rol ase 
dihydroneopterin triphosphate ** neopterin 



t 



6 - pyruvoyl tetrahydropterin synthetase 



6 -pyruvoyl tetrahydropterin 



i 



6 - pyruvoyl tetrahydropterin reductase 

sepia pterin reductase 



tetrahydrobiopterin 



dihydropteridine 
reductase 





dihydrobiopterin 

l 

biopterin 
Fig. 36.2. Synthesis of tetrahydrobiopterin 



phenylalanine / tyrosine / tryptophan 



phenylalanine hydroxylase/ 
tyrosine hydroxylase/ 
tryptophan hydroxylase 



tyrosine / DOPA / 5-hydroxytryptophan 



286 Chapter 36 Phenylketonuria 



Typical signs of parkinsonism are hypokinesia, 
bradykinesia, rigidity, and mask-like facies. In addi- 
tion, sweating, hyperpyrexia without infection, drool- 
ing, swallowing difficulties, pinpoint pupils, truncal 
hypotonia, limb hypertonia and hyperreflexia, infan- 
tile spasms, and tonic-clonic seizures often form part 
of the clinical picture. In milder forms, symptoms are 
less marked and consist mainly of extrapyramidal 
dysfunction or slow development. In patients with 
pterin-4oc-carbolamine dehydratase as the cause of 
the tetrahydrobiopterin deficiency, there are general- 
ly no significant clinical abnormalities other than 
transient alterations in tone. In tetrahydrobiopterin 
deficiency caused by a defect in dihydropteridine re- 
ductase, rapidly progressive demyelination of the 
CNS may occur additionally, due to defective folate 
metabolism, and cause spasticity, pseudobulbar palsy, 
long tract sensory loss, and cognitive deterioration. 

Neonatal screening is performed between 6 and 14 
days after birth. Increased blood phenylalanine con- 
centration indicates a positive test. In phenylalanine 
hydroxylase deficiency, phenylpyruvic acid and o-hy- 
droxyphenylacetic acid are excreted in the urine 
(Fig. 36.1). The blood level of tyrosine is normal or 
lower than normal, which excludes hyperphenylala- 
ninemia secondary to disorders of tyrosine metabo- 
lism. Apart from tyrosinemia, hyperphenylalanine- 
mia secondary to prematurity, hepatic insufficiency, 
chronic renal insufficiency, and trimethoprim med- 
ication should be considered. An oral phenylalanine 
loading test is performed when the child is several 
months old and leads to elevated serum levels of 
phenylalanine without elevation of tyrosine. Severe 
and mild variants of phenylalanine hydroxylase defi- 
ciency are distinguished by the level of serum pheny- 
lalanine before treatment, the level of serum pheny- 
lalanine and the duration of the increase after pheny- 
lalanine loading, and the tolerance of phenylalanine 
in the diet. Residual phenylalanine hydroxylase activ- 
ity can be determined in liver biopsy material. Prena- 
tal diagnosis and carrier detection can be performed 
with the help of DNA techniques. 

If elevated serum phenylalanine concentrations 
are found on neonatal screening, pterins in urine are 
analyzed and dihydropteridine reductase activity is 
measured to exclude dihydropteridine reductase defi- 
ciency and other disorders in the synthesis and recy- 
cling of tetrahydrobiopterin (Fig. 36.2). Assessment of 
the ratio between total biopterin and neopterin in 
urine is helpful in differentiating between the various 
enzyme defects. In dihydropteridine reductase defi- 
ciency, the total biopterin level is very high, whereas 
the neopterin level is normal or moderately in- 
creased; in 6-pyruvoyl tetrahydropterin synthetase 
deficiency, the neopterin level is elevated and the 
biopterin level is very low; and in guanosine triphos- 
phate cyclohydrolase deficiency both neopterin and 



biopterin levels are extremely low. Examination of 
urine pteridine profiles allows a tentative diagnosis of 
the basic defect. In cases of tetrahydrobiopterin defi- 
ciency, CSF and urine levels of homovanillic acid 
(HVA), 5-hydroxyindoleacetic acid (5HIAA), vanillyl 
mandelic acid (VMA), and 3-methoxy-4-hydrox- 
yphenylglycol (MHPG), the major metabolites of 
dopamine, serotonin, and (nor) epinephrine in the 
human CNS, are reduced. The levels of these metabo- 
lites may also be reduced, although less markedly, in 
classical PKU. However, in classical PKU the levels 
normalize with a phenylalanine-restricted diet, which 
is not the case in disorders characterized by tetra- 
hydrobiopterin deficiency. In dihydropteridine re- 
ductase deficiency, serum folate levels may be low. 
The diagnosis should be confirmed by enzyme stud- 
ies in erythrocytes (dihydropteridine reductase, 6- 
pyruvoyl tetrahydropterin synthetase), lymphocytes 
(guanosine triphosphate cyclohydrolase), or liver 
biopsy (6-pyruvoyl tetrahydropterin synthetase, 
guanosine triphosphate cyclohydrolase). Prenatal 
diagnosis can be performed by assessing pterin levels 
in amniotic fluid or enzyme activity in fetal erythro- 
cytes, amniocytes, or chorionic villi, depending on 
the different enzyme defects. A DNA-based prenatal 
diagnosis is possible in families with known muta- 
tions. 



36.2 Pathology 

In untreated classical PKU, the weight of the brain is 
below normal. The reduction in volume is greater in 
the white than in the gray matter. The ventricles are 
enlarged. The cortical pattern of gyri and sulci is nor- 
mal. 

Microscopic examination of the cortex reveals evi- 
dence of developmental arrest or delay of cortical 
neurons, with a reduction in number and size of cor- 
tical neurons, paucity of dendritic arborization, and 
reduced synaptic density. 

In untreated PKU children variable white matter 
abnormalities are seen ranging from hypomyelina- 
tion and spongy change to frank demyelination. 
Some PKU patients do not have white matter abnor- 
malities, but the majority of the patients have white 
matter lesions. Hypomyelination is usually seen, af- 
fecting most severely the structures that myelinate 
late. In addition, a status spongiosus of the white mat- 
ter is usually present. The status spongiosus is most 
marked in the optic tracts, periventricular white mat- 
ter, centrum semiovale, and in the central part of the 
cerebellar white matter, although at times spongy 
lesions are also seen in the subcortical white matter. 
Apart from occasional sudanophilic fat droplets in 
perivascular spaces, there are no signs of active 
myelin loss. Gliosis is variable. In some patients, espe- 
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dally older untreated children and adults, areas of 
demyelination are seen in the periventricular and 
deep white matter, sparing the subcortical U fibers. In 
some cases the areas are sharply defined; in others the 
borders of the lesions are indistinct. In the areas of 
demyelination intense gliosis and deposition of su- 
danophilic material is seen. Oligodendrocytes are 
reduced in number. The axis cylinders are relatively 
better preserved than the myelin sheaths. The cere- 
bellar white matter may also be involved. Spongy 
lesions may be noted adjacent to the demyelinated 
areas. With advancing age white matter changes tend 
to become more pronounced and diffuse, although 
not in all cases. 

In patients with dihydropteridine reductase defi- 
ciency, additional neuronal loss, abnormal vascular 
proliferation, and calcium deposits in the walls of 
small, medium, and large arteries and veins, as well as 
diffusely scattered pericapillary and isolated calcium 
deposits have been reported in the basal ganglia, thal- 
amus (Milandi et al. 1998), cerebral cortex, and white 
matter (Takashima et al. 1991). Diffuse myelin pallor 
of the cerebral and cerebellar white matter, spongy 
white matter changes, and multifocal perivascular 
demyelination occur as well. 



36.3 Chemical Pathology 

Analysis of cerebral lipids reveals a deficiency of 
myelin lipids, particularly cerebroside, sulfatide, and 
cholesterol. In the few studies performed, the defi- 
ciency of myelin lipids is more severe in older pa- 
tients. Cholesterol esters are absent or present in only 
small amounts. 



36.4 Pathogenetic Considerations 

Phenylalanine is an essential amino acid, ubiquitous 
in dietary protein. It is normally transformed into 
tyrosine, which is in turn used for protein synthesis 
and is the immediate amino acid precursor for 
melanin, dopamine, norepinephrine, and epineph- 
rine. The conversion of phenylalanine to tyrosine 
requires the presence of phenylalanine hydroxylase 
and tetrahydrobiopterin as a proton donor (Figs. 36.1 
and 36.2). Tetrahydrobiopterin is reconverted from 
dihydrobiopterin by dihydropteridine reductase 
(Fig. 36.2). In the majority of cases, PKU is caused by 
a deficiency of the hepatic enzyme phenylalanine hy- 
droxylase, and in a minority (±2%) by tetrahydro- 
biopterin deficiency, caused by a defect in its recy- 
cling or its synthesis (Fig. 36.2). Defects in dihy- 
dropteridine reductase and pterin-4a-carbinolamine 
dehydratase affect the recycling. Defects in guanosine 
triphosphate cyclohydrolase I and 6-pyruvoyl tetra- 



hydropterin synthetase affect tetrahydrobiopterin 
synthesis. 

The phenylalanine hydroxylase gene, PAH, is locat- 
ed on chromosome 12q22-24.1. A large number of 
different mutations have been reported. There is evi- 
dence that the phenotypic heterogeneity of the disor- 
der reflects underlying genetic heterogeneity. Some 
of the mutations lead to absence of residual hydroxy- 
lase activity, whereas others result in the presence of 
some variable residual activity. A good correlation 
has been found between the residual level of activity 
of mutant phenylalanine hydroxylase enzyme and the 
clinical severity of the disease. The residual enzyme 
activity also correlates with the pretreatment serum 
level of phenylalanine, serum phenylalanine levels 
measured in standardized loading tests, and phenyl- 
alanine tolerance. Severe classical PKU is caused by 
mutations with zero residual enzyme activity. Higher 
enzyme activity is associated with a milder pheno- 
type. In persistent benign hyperphenylalaninemia 
without clinical manifestations the residual enzyme 
activity is relatively high. However, the genotype is 
not the only factor determining the phenotype. Dif- 
ferent clinical outcomes despite comparable dietary 
control form evidence for additional factors. Phenyl- 
alanine is transported over the blood-brain barrier, 
and there is evidence that individual differences in 
this transport contribute to the severity of the neuro- 
logical problems. The higher the affinity of the trans- 
porter for phenylalanine, the higher the cerebral 
phenylalanine levels despite similar blood phenyl- 
alanine levels, and the lower the IQ. 

Deficiency of phenylalanine hydroxylase results in 
the accumulation of phenylalanine, which is transam- 
inated to phenylpyruvate, phenyllactate, phenylac- 
etate, and o-hydroxyphenylacetate (Fig. 36.1). The 
metabolites derived from phenylalanine contribute 
little to the cerebral damage in PKU. Probably the 
most important effects are related to direct toxic in- 
fluences of phenylalanine itself. In theory, deficiency 
of phenylalanine hydroxylase activity could lead to 
systemic tyrosine deficiency. However, no consistent 
or significant reduction in plasma tyrosine has ever 
been demonstrated in untreated PKU patients, and 
postnatal tyrosine supplementation does not prevent 
occurrence of neurological abnormalities. Hyper- 
phenylalaninemia has a number of adverse effects. 
Owing to the competitive nature of amino acid trans- 
port across the blood-brain barrier, the brain in pa- 
tients with PKU is exposed to both high phenylala- 
nine levels and low concentrations of other large neu- 
tral amino acids, including histidine, tyrosine, trypto- 
phan, threonine, valine, methionine, isoleucine, and 
leucine, especially methionine and tyrosine. Hyper- 
phenylalaninemia inhibits protein synthesis, which 
may be related to the inhibition of transport of amino 
acids across the blood-brain barrier. It may be that 
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the hypomyelination, almost invariably seen in un- 
treated PKU patients, is related to the inhibition of 
protein synthesis. High levels of phenylalanine have a 
double effect on tyrosine and tryptophan metabo- 
lism. Not only is the transport across the blood-brain 
barrier inhibited, but high phenylalanine levels also 
lead to competitive inhibition of the enzymes tyro- 
sine hydroxylase and tryptophan hydroxylase, en- 
zymes involved in the synthesis of dopamine, 
(nor)epinephrine (from tyrosine), and serotonin 
(from tryptophan). As a result of both enzyme inhibi- 
tion and deficiency of the amino acid substrates for 
these enzymes, the neurotransmitters dopamine, 
(nor)epinephrine, and serotonin are decreased in un- 
treated patients with phenylalanine hydroxylase defi- 
ciency. 

It is important to distinguish permanent from re- 
versible effects of hyperphenylalaninemia. Reversible 
neuronal dysfunction, which disappears on treat- 
ment, is probably related to neurotransmitter dys- 
function. If left untreated, reversible dysfunction may 
become irreparable damage consisting of a reduction 
in the number and growth of neuronal cells and 
synapses. The defect in protein synthesis may con- 
tribute to this damage. Reversible white matter dam- 
age consists of delay in myelination and white matter 
sponginess, probably related to a combination of 
phenylalanine toxicity on cells and disturbed protein 
synthesis. Longstanding, severely disturbed myelina- 
tion and demyelination may only be partially re- 
pairable. The vulnerability of the brain for hyper- 
phenylalaninemia is life-long. Discontinuation of diet 
may again lead to neuronal dysfunction with epilep- 
sy, enhanced occurrence of EEG abnormalities and 
cognitive decline, and to white matter damage as evi- 
dent from MRI. 

The tetrahydrobiopterin deficiency states can be 
divided into defects in synthesis and defects in recy- 
cling (Fig. 36.2). Defects in synthesis are related to 
deficiency of guanosine triphosphate cyclohydrolase 
or 6-pyruvoyl tetrahydropterin synthetase. The genes 
encoding these enzymes, GCH1 and PTS, are located 
on chromosomes 14q22. 1-22.2 and llq22. 3-23. 3, re- 
spectively. Dihydropteridine reductase deficiency and 
pterin-4a-carbinolamine dehydratase deficiency are 
defects in recycling. The genes encoding these en- 
zymes, QDPR and PCBD, are located on chromosome 
4pl5.3 and 10q22, respectively. Deficiency of guano- 
sine triphosphate cyclohydrolase most often leads to 
dopa-responsive dystonia without hyperphenylala- 
ninemia. Deficiency of each of the enzymes leads to 
tetrahydrobiopterin deficiency, which is a cofactor 
(proton donor) not only in the hydroxylation of 
phenylalanine to tyrosine, but also in the hydroxyla- 
tion of tryptophan to 5 -hydroxy tryptophan and in 
the hydroxylation of tyrosine to L-dopa (Fig. 36.2). 5- 
Hydroxytryptophan is the precursor of serotonin and 



melatonin; L-dopa is the precursor of dopamine, epi- 
nephrine, and norepinephrine. In addition, hyper- 
phenylalaninemia has a competitive inhibitory effect 
on tyrosine hydroxylase and tryptophan hydroxylase. 
So, deficiency of these enzymes has a profound effect 
on multiple neurotransmitter systems, which ex- 
plains many of the neurological features. This effect 
cannot be improved by lowering phenylalanine intake 
only. A special aspect of dihydropteridine reductase 
deficiency is related to folate metabolism. The en- 
zyme also reduces dihydrofolate to tetrahydrofolate. 
Defective folate metabolism is important in dihy- 
dropteridine reductase deficiency. Megaloblastic 
changes of blood cells are unusual, even in very low 
folate concentration. However, progressive neurologi- 
cal damage is frequent. Histological changes in the 
brain are similar to those seen in congenital folate 
malabsorption and 5, 10 -methylene tetrahydrofolate 
reductase deficiency, and consist of multifocal 
perivascular demyelination. 



36.5 Therapy 

Classical PKU is treated with a low-phenylalanine 
diet. Some patients with phenylalanine hydroxylase 
deficiency are tetrahydrobiopterin-responsive. These 
patients benefit from use of tetrahydrobiopterin and 
may follow a less strict diet or avoid the diet altogeth- 
er. The low-phenylalanine diet depends on the use of 
synthetic, phenylalanine -low substitutes for many 
natural foods (meat, fish, eggs, nuts, dairy products, 
bread), making the diet difficult to sustain over long 
periods. Treatment should be monitored regularly 
with assessment of serum phenylalanine levels. Both 
early start of dietary treatment and strict compliance 
with the diet contribute to a favorable intellectual out- 
come. IQ clearly correlates to the quality of dietary 
control. It is also important to be careful that patients 
do not develop nutritional deficiencies, in particular 
vitamin B 12 deficiency, from failure to consume ap- 
propriate supplements. Protein insufficiency, which 
leads to impaired growth, can be avoided by monitor- 
ing plasma prealbumin levels. Current treatment of 
PKU patients is not perfect, and cognitive level is, on 
average, lower than expected. 

For many years it has been customary to stop 
dietary treatment in mid to late childhood or in ado- 
lescence on the assumption that hyperphenylalanine- 
mia is only harmful in the immature brain. However, 
discontinuation of diet may lead to some cognitive 
deterioration and emotional problems in many of the 
PKU patients. They show a lack of concentration, and 
sometimes agitation and emotional instability. Hy- 
pertonia of the legs, hyperreflexia, and extensor plan- 
tar responses are frequently present and may lead to 
difficulty in walking. Epilepsy, slowness of speech, 
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dysarthria, and tremor, in particular intention 
tremor, may occur. With high levels of phenylalanine 
EEG shows background slowing. The sensitivity for 
phenylalanine fluctuations is greater among younger 
patients and decreases with age. The complaints may 
be reversible if phenylalanine restriction is resumed, 
but may become permanent if longstanding. Life- 
long continuation of dietary treatment is advisable. 

In particular, restriction of phenylalanine intake 
during pregnancy is important for the benefit of the 
offspring. The maternal PKU syndrome, occurring in 
children born to mothers with untreated PKU, con- 
sists of intrauterine growth retardation, congenital 
heart disease, dysmorphic signs, microcephaly, and 
mental deficiency. The syndrome can be prevented by 
adequate treatment during pregnancy. 

In PKU related to tetrahydrobiopterin deficiency, 
the therapeutic goal is two -fold: not only to control 
the blood level of phenylalanine, but also to normal- 
ize monoamine neurotransmission. The administra- 
tion of tetrahydrobiopterin is insufficient to achieve 
this latter purpose. The introduction of oral adminis- 
tration of a combination of tetrahydrobiopterin, 
L-dopa, carbidopa, and 5 -hydroxy tryptophan, given 
to bypass the impaired activity of tyrosine hydroxy- 
lase and tryptophan hydroxylases, is followed by 
some (and sometimes a dramatic) degree of clinical 
and biochemical improvement. Carbidopa is a pe- 
ripheral decarboxylase inhibitor to prevent peripher- 
al conversion of L-dopa to dopamine and so prevent 
systemic adverse effects and enhance central benefi- 
cial effects. The treatment should be monitored not 
only by evaluation of serum phenylalanine levels, but 
also by assessment of CSF neurotransmitter metabo- 
lites. In dihydropteridine reductase deficiency, the 
folate disturbance also requires treatment. Tetrahy- 
drofolate should be administered in sufficient 
amounts to keep CSF concentrations in the high nor- 
mal range. This level of tetrahydrofolate prevents the 
occurrence of demyelinating disease. 



36.6 Magnetic Resonance Imaging 

White matter abnormalities occur with high frequen- 
cy in patients with classical PKU. These white matter 
changes have been reported in older children, adoles- 
cents, and adults. At present, there is no systematic 
MRI study involving infants and young children. 
From the studies performed it is apparent that white 
matter abnormalities are less likely to be present in 
children under strict dietary control and in patients 
with milder variants of PKU. The white matter 
changes are predominantly present in patients after 
they have stopped the phenylalanine-restricted diet. 
There is a positive correlation between the presence 
and severity of the white matter abnormalities and 



both the degree of recent exposure to high phenylala- 
nine levels and the number of years since the low- 
phenylalanine diet was stopped. The presence of 
white matter changes does not correlate with age at 
the start of dieting (early versus late treatment) or 
with the quality of dietary control during the first 
years of life or subsequent years. These data suggest 
that recently sustained exposure to high phenylala- 
nine concentrations rather than the quality of long- 
term control is the major determinant of white matter 
signal abnormalities as detected by MRI. A few pa- 
tients who developed neurological abnormalities sev- 
eral months or years after stopping or relaxing the 
phenylalanine-restricted diet underwent sequential 
MRI studies. Whereas initial MRI investigations 
showed white matter changes, follow-up scans after 
resumption of a strict diet showed resolution of the 
abnormalities within a few months in some but not all 
patients. 

The earliest and most frequent abnormalities con- 
sist of high-signal-intensity lesions on T 2 -weighted 
images in the parieto-occipital periventricular white 
matter (periatrial and peritrigonal region) (Fig. 36.3). 
In more severe cases, the frontal periventricular white 
matter is also involved and the white matter abnor- 
malities may extend into the subcortical area, in par- 
ticular in the posterior region (Fig. 36.4). The corpus 
callosum is relatively, but not always completely 
spared. The internal capsule, brain stem, and cerebel- 
lar white matter are most often preserved, although in 
some patients the cerebellar white matter and brain 
stem tracts are involved. The white matter lesions are 
symmetrical and either band-like or patchy and part- 
ly confluent in an irregular fashion. Additional isolat- 
ed white matter spots may occasionally be present. 
Frequently the frontal, less often the occipital white 
matter changes have a peculiar configuration, extend- 
ing like little "flames" from the ventricular border in 
line with the ventricles. In few patients some general- 
ized cerebral atrophy is seen. 

The nature of the white matter changes is still a 
matter of conjecture as there are no direct correlative 
studies comparing MRI and histopathological find- 
ings in the same patients. Considering the rapid re- 
versal of MRI changes that may be produced by effec- 
tive dietary intervention, white matter edema may be 
assumed. In view of the fact that reversibility of MRI 
changes was not confirmed in all cases, and consider- 
ing the known histopathological sequence of events 
in untreated PKU patients (hypomyelination — » white 
matter (myelin) vacuolation and edema — » demyeli- 
nation), an attractive hypothesis is that the early MRI 
changes observed represent white matter edema with 
intramyelinic vacuole formation, and that the late 
changes represent permanent myelin damage and 
loss. The initial stage is reversible, the later stage is 
not. Restricted diffusion has been found in the areas 
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Fig. 36.3. A 24-year-old female patient with classical PKU. 
Note the periventricular zone of mild signal changes.There is 
a more prominently abnormal signal in the white matter bor- 
dering the frontal and,especially,the posterior horns of the lat- 



eral ventricles. Courtesy of Dr. S. Blaser, Department of Diag- 
nostic lmaging,and Dr.A.Feigenbaum, Department of Clinical 
Genetics, Hospital for Sick Children,Toronto, Canada 



of white matter abnormalities (Philips et al. 2001; De- 
zortova et al. 2001), which would be compatible with 
myelin vacuolation as histopathological basis. 

Clinically, the white matter changes correlate with 
motor problems, in particular spasticity of the legs, 
processing of visual information, sustained attention, 
and changes in mood and personality. No relation- 
ship between MRI changes and IQ has been found. 

Proton MRS permits noninvasive measurement of 
brain phenylalanine levels. MRS has been helpful in 
studying the dynamics of phenylalanine transport 
across the blood-brain barrier after phenylalanine 
loading and in studying the relationship between 
phenylalanine levels in the brain and neurological 
functions. 

The imaging changes observed in patients with 
PKU due to a deficiency of tetrahydrobiopterin are 
different from those in classical PKU. There are only a 
few reports on imaging findings, and so the incidence 
and extent of the abnormalities are not fully known. 
Several reports concern patients with pyruvoyl 



tetrahydropterin synthetase deficiency (Brismar et al. 
1990; Chien et al. 2002). CT is normal up to the age of 
about 1 year. In older children CT shows atrophy with 
enlargement of the ventricular system and subarach- 
noid spaces. In some of the patients, diffuse hemi- 
spheric white matter hypodensity is seen. MRI shows 
diffuse hemispheric white matter hyperintensity on 
T 2 -weighted images in these patients, but in other pa- 
tients the white matter is normal. 

In dihydropteridine reductase deficiency a combi- 
nation of gray and white matter changes is found 
(Figs. 36.5-36.7). CT scan shows cerebral atrophy 
with enlargement of the ventricular system and sub- 
arachnoid spaces. In addition, calcium deposits 
develop and are seen bilaterally in the basal nuclei 
(globus pallidus, putamen), thalamus, and cortico- 
subcortical junction. Variable white matter hypoden- 
sity is seen. MRI shows some evidence of calcium de- 
position in the areas mentioned, with mottled hyper- 
intensity on T x -weighted images and heterogeneous 
signal loss on T 2 -weighted images, sometimes in 
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Fig. 36.4. A 1 7-year-old female patient with classical PKU. She 
has more prominent signal abnormalities in the periventricu- 
lar white matter than the patient in Fig. 36.3. The corpus callo- 



sum is spared. Courtesy of Dr.S.BIaser, Department of Diagnos- 
tic lmaging,and Dr.A.Feigenbaum, Department of Clinical Ge- 
netics, Hospital for Sick Children,Toronto, Canada 




Fig. 36.5. A girl with PKU due to dihydropteridine reductase 
deficiency, age 2 years and 8 months. CT scan {upper row) 
shows some cerebral atrophy with dilated lateral ventricles. 
There are calcifications in the striatum and in the frontal and 
occipital gray and white matter junction. The white matter is 
hypodense in these areas. The transverse T r and T 2 -weighted 
MR images at the age of 4.5 years {second row) show high 
signal intensity in the calcified spots in the basal ganglia on 



T r weighted images.The subcortical white matter has too low 
a signal intensity on theT r weighted images, too high a signal 
intensity on the T 2 -weighted images. The parasagittal T r 
weighted MR image shows a gyriform band of high signal in- 
tensity in the cortex and corticomedullary junction, probably 
due to calcification. From Gudinchet et al. (1 992), with permis- 
sion 
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Fig. 36.6. A 20-year-old male with dihydropteridine reduc- 
tase deficiency. CT {upper row, left and middle) shows some cal- 
cification of the basal ganglia and the parietal corticosubcorti- 
cal junction. The MRI shows diffuse abnormality of the white 



matter in the centrum semiovale, reaching the U fibers and in- 
volving the peritrigonal white matter and external and inter- 
nal capsule. The frontal white matter is less severely affected. 
From Sugita et al. (1 990), with permission 
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Fig. 36.7. A 26-year-old male with dihydropteridine reduc- 
tase deficiency. CT {first row) shows extensive calcifications of 
the basal ganglia and in the frontal corticomedullary junction. 
The transverse T 2 -weighted MR images {second row) show en- 
larged ventricles. The basal nuclei have a low signal intensity 
with a central area of high signal intensity, similar to the eye- 



of-the-tiger phenomenon of Hallervorden-Spatz disease. The 
transverse T r {third row) and T 2 -weighted images, like the CT 
scan, show cyst formation in the occipital lobes. Note the high 
signal intensity on theT r weighted image in a calcified areas. 
From Sugita et al. (1 990), with permission 



Chapter 37 

Glutaric Aciduria Type 1 



37.1 Clinical Features 

and Laboratory Investigations 

Glutaric aciduria type 1 is an autosomal recessive 
metabolic disorder with highly variable clinical 
symptomatology. The disease usually presents with 
an acute encephalitis-like encephalopathy in infancy 
or childhood after a normal initial development. In 
most cases the first episode occurs between the ages 
of 6 and 18 months. Frequently, the only abnormality 
preceding the first episode is a developing macro- 
cephaly. The macro cephaly may already be present at 
birth. The encephalopathic episode is usually trig- 
gered by an infectious illness or vaccination. The 
episode is characterized by hypotonia, loss of head 
control, spasticity, dystonia, rigidity, orofacial dyski- 
nesia, grimacing, seizures, opisthotonic posturing, 
lowering of consciousness, and coma. Recovery is 
slow and often incomplete. There is usually a preser- 
vation of intellect. After the first crisis, neurological 
signs may remain static for a long time, suggesting a 
diagnosis of postencephalitic damage. More often, the 
subsequent course of disease is slowly progressive 
with episodes of acute deterioration, often associated 
with an infection. Patients frequently have a tendency 
to sweat profusely. There may be episodes of un- 
explained fever. Ocular abnormalities are frequent, 
including intraretinal hemorrhages, cataract, gaze 
palsy, strabismus, ametropia, and pigmentary retino- 
pathy. If untreated, death usually occurs in the first 
decade, in the course of an episode of acute deteriora- 
tion during an infection or in the course of a Reye 
syndrome-like episode. In other patients the course of 
disease is more chronically progressive with retarded 
development during the first year of life. Subsequent- 
ly, hypotonia, dystonia, athetoid involuntary move- 
ments, and spasticity develop gradually over the years 
with loss of motor skills. The progressive dystonia is 
disabling and leads to a loss of walking and writing 
abilities. Also, articulate speech may become progres- 
sively difficult and may be lost altogether. Mental 
capabilities are intact or relatively preserved. Some 
patients are stable for several years, suggesting a diag- 
nosis of athetoid cerebral palsy. Occasional patients 
present as adults with signs of a progressive en- 
cephalopathy. Some patients remain asymptomatic, 
and asymptomatic adults have occasionally been 
found during screening of families known to be 
affected. Thus, there is a large phenotypic variation 



within families. With early treatment the prognosis of 
the patients improves and most or all of the neurolog- 
ical damage can be prevented. Acute deterioration 
after instigation of treatment is rare. 

In glutaric aciduria type 1, excessive urinary excre- 
tion of glutaric acid, glutaconic acid, and 3-hydroxy- 
glutaric acid suggests the diagnosis. The defect in me- 
tabolization of glutaryl-CoA leads to accumulation of 
this substance in body fluids, partly esterified with 
carnitine and excreted as glutarylcarnitine. Carnitine 
deficiency can be the result of this excessive urinary 
carnitine excretion. Lysine, hydroxylysine, and tryp- 
tophan, precursors of glutaryl-CoA, are not elevated 
in urine or body fluids. During episodes of clinical de- 
compensation, metabolic acidosis, ketosis, hyperam- 
monemia, and elevation of serum transaminases may 
be found. Occasionally hypoglycemia occurs in an 
acute episode. The diagnosis of glutaric aciduria type 
1 may be difficult to establish. Enhanced urinary ex- 
cretion of the metabolites mentioned may be inter- 
mittent and only detectable during episodes of meta- 
bolic derangement. In some cases the urine concen- 
tration of glutaric acid, glutaconic acid, and 3-hydroxy- 
glutaric acid may even remain normal during 
episodes of clinical decompensation. In most (but not 
all) of these patients a decrease in plasma carnitine 
levels and an increase in urinary glutarylcarnitine 
levels can be found, indicative of glutaric aciduria. In 
some patients only elevated levels of glutaric acid can 
be found in CSR A definite diagnosis can be estab- 
lished by assay of glutaryl-CoA dehydrogenase in 
leukocytes and fibroblasts and by means of DNA 
analysis. Asymptomatic siblings of patients with glu- 
taric aciduria type 1 should always be investigated 
and, if diagnosed with the same disease, treated. Pre- 
natal diagnosis can be performed by enzyme assess- 
ment in chorionic villi or cultured amniotic cells and 
by DNA-based tests. 



37.2 Pathology 

External examination of the brain may reveal cerebral 
atrophy with an open operculum. Ventricular en- 
largement is often noted. Most commonly noted 
parenchymal abnormalities involve the putamen and 
head of the caudate nucleus, less often the globus pal- 
lidus. Changes tend to be more marked in patients 
who die after several years than in infants. The lesions 
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are characterized by loss of neurons associated with 
gliosis. The cortex is well preserved. 

Marked spongiform changes are seen in the hemi- 
spheric white matter in some patients. It is the 
periventricular white matter that is particularly in- 
volved, whereas the subcortical U fibers are spared. In 
addition, optic nerves, corpus callosum, internal cap- 
sule, deep cerebellar white matter, and long tracts of 
the brain stem may be involved. Vacuolation is caused 
by myelin splitting and intramyelinic vacuole forma- 
tion. In electron microscopy splitting is seen to occur 
along the intraperiod line. Mild spongiform changes 
due to myelin splitting may be seen in gray matter 
structures rich in myelin, such as the thalamus, 
globus pallidus, and brain stem reticular formation. 



37.3 Pathogenetic Considerations 

Glutaric aciduria type 1 is caused by deficiency of glu- 
taryl-CoA dehydrogenase. Glutaryl-CoA, a catabolite 
of lysine, hydroxylysine, and tryptophan is dehydro- 
genated to glutaconyl-CoA and subsequently decar- 
boxylated to crotonyl-CoA,both steps being catalyzed 
by a single enzyme, glutaryl-CoA dehydrogenase. The 
enzyme is active in mitochondria as a homotetramer. 
In glutaric aciduria type 1 this mitochondrial enzyme 
is lacking. A single case of peroxisomal glutaryl-CoA 
dehydrogenase deficiency has been described (Ben- 
nett et al. 1991). Mitochondrial glutaryl-CoA dehy- 
drogenase is a flavin adenine dinucleotide (FAD) -re- 
quiring enzyme. Deficiency of this enzyme activity 
has been reported in glutaric aciduria type 1 and in 
multiple acyl-CoA dehydrogenase deficiency, also 
called glutaric aciduria type 2. 

The gene encoding glutaryl-CoA dehydrogenase, 
GCDHy is located on chromosome 19pl3.2. Many dif- 
ferent mutations have been identified in glutaric 
aciduria type 1. There is no apparent correlation 
between genotype and phenotype. There is also a 
marked clinical variability among individuals who 
are homozygous for the same mutation. This suggests 
the existence of unrelated, genetically polymorphic 
protective mechanisms. Clinical variability may also 
be related to the flexibility of associated enzyme sys- 
tems such as those involved in y-aminobutyric acid 
(GABA) or glutamate metabolism. Additionally, envi- 
ronmental factors may be important in determining 
the severity of the phenotype. 

The cause of striatal dysfunction and necrosis in 
glutaric aciduria has only been partially elucidated. A 
number of factors may contribute to the damage. Ex- 
citotoxicity of accumulating substances may be an 
important factor and involve activation of AT-methyl- 
D-aspartate (NMDA) receptors, of which glutamate is 
the normal activator. Both glutaric acid and 3-hydroxy- 
glutaric acid exhibit structural similarities to gluta- 



mate. Both glutaric acid and 3-hydroxyglutaric acid 
are toxic to neurons in culture, and this neurotoxic ef- 
fect can be prevented by preincubation with NMDA 
receptor blockers. In addition, glutaric acid, glutacon- 
ic acid, and 3-hydroxyglutaric acid are competitive in- 
hibitors of glutamic acid decarboxylase, the enzyme 
involved in biosynthesis of GABA, an inhibitory neu- 
rotransmitter. Biochemical analysis of the brains of a 
few patients demonstrated elevated levels of glutaric 
acid in the frontal cortex and basal ganglia, very low 
glutamic acid decarboxylase activity, and very low 
concentrations of GABA in the caudate nucleus and 
putamen. Low CSF GABA levels have also been found. 
However, the low GABA is not necessarily related to 
inhibition of glutamic acid decarboxylase, but may 
also be the result of destruction or dysfunction of 
GABA-ergic neurons. Quinolinic acid, an intermedi- 
ate in the metabolism of tryptophan and lysine, and a 
potent neurotoxin, may contribute to the neuronal 
damage in glutaric aciduria. 

Even less is known about the pathogenesis of 
myelin splitting and vacuolation. Myelin splitting is 
probably caused by toxic effects of accumulating sub- 
stances. 

The cause of the macrocephaly has not been ade- 
quately explained. Contributing factors may be the 
presence of extracerebral fluid collections, hydro- 
cephalus, and myelin splitting with intramyelinic ac- 
cumulation of fluid. The pathogenesis of the extrac- 
erebral fluid collections is unexplained. 



37.4 Therapy 

During a metabolic crisis, it is essential to correct the 
metabolic decompensation as soon as possible to pre- 
vent and limit the irreversible brain damage. A high- 
calorie glucose infusion (if necessary together with 
insulin), intravenous lipids, intravascular volume ex- 
pansion, and correction of acidemia and hypo- 
glycemia are essential. Chronic treatment consists of 
a diet low in protein, in particular low in tryptophan 
and lysine, supplemented with carnitine. Carnitine is 
used to stimulate the formation and excretion of glu- 
tarylcarnitine. Riboflavin is a coenzyme for glutaryl- 
CoA dehydrogenase, but cofactor responsiveness is 
rare. A trial of riboflavin can be recommended, but 
the drug should be stopped if no beneficial biochem- 
ical effect is found. After the onset of neurological 
problems this treatment protocol leads to no or only 
modest improvement, but in most cases further dete- 
rioration is halted and subsequent episodes of acute 
encephalopathy are prevented. Early treatment has 
been shown to be effective in preventing the occur- 
rence of most or all problems, and improvement or 
resolution of neuroimaging abnormalities can be ob- 
served. Some treated patients, however, still show 
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some deterioration, and unfortunately even a serious 
encephalopathic episode may occur. 

There are some additional therapeutic options. In 
view of the decreased GABA levels, treatment with a 
GABA analogue, baclofen, is logical and has produced 
some symptomatic improvement with a decrease in 
dystonia. Gamma-vinyl GABA (vigabatrin) causes an 
irreversible inhibition of GABA transaminase, the 
first step of GABA catabolism, and in this way leads to 
increased GABA levels. Decreased dystonia has been 
noted with vigabatrin therapy. Valproate has been 
recommended because of its inhibitory action on 
GABA transaminase. However, valproate is partly ex- 
creted as valproylcarnitine and may cause further 
stress to the already compromised carnitine system. 

Whether subdural fluid collections should be evac- 
uated, and whether shunt implantation should be per- 
formed in cases of ventricular enlargement and pro- 
gressive macrocephaly, is highly questionable. Reso- 
lution of these abnormalities, spontaneously or with 
metabolic treatment, has been documented. If meta- 
bolic treatment is not started, deterioration may con- 
tinue despite neurosurgical intervention. A prompt 
diagnosis of glutaric aciduria type 1 is extremely 
important in this context. The stress of the subdural 
hygroma or hematoma itself and the stress of the 
surgery, combined with a catabolic state in a very ill 
child, may provoke serious neurological injury. 



37.5 Magnetic Resonance Imaging 

CT scan of the brain discloses enlarged CSF spaces in 
most untreated patients with glutaric aciduria type 1, 
even if asymptomatic. The most often noted are fluid 
collections over the convexities in the frontoparietal 
and frontotemporal areas. In some cases the fron- 
toparietal fluid collections have the appearance of 
subdural hygromas, usually bilateral, occasionally 
unilateral. In most cases the fluid collections consist 
of enlarged subarachnoid spaces, frequently ascribed 



to cerebral atrophy, sometimes to communicating 
hydrocephalus. Considering the presence of absolute 
or relative macrocephaly, mild enlargement of the 
ventricular system, and absence of significant cortical 
damage at autopsy, communicating hydrocephalus 
may be the most probable explanation. Both in the 
case of subdural hygroma and in the case of enlarged 
subarachnoid spaces, these spaces are crossed by 
bridging veins. As a consequence, patients with glu- 
taric aciduria type 1 are prone to developing subdur- 
al hemorrhages after minor head trauma. Especially 
in the presence of retinal hemorrhages, a misdiagno- 
sis of nonaccidental head injury and child abuse is 
readily made. In many patients with glutaric aciduria 
type 1, the sylvian fissure is wide open, forming a 
large CSF space anterior to the temporal lobes. Some 
authors ascribe these CSF collections to the presence 
of bitemporal arachnoid cysts, but this is rarely in 
conformity with the configuration of the CSF collec- 
tions. Usually they are ascribed to either frontal and 
temporal atrophy or failure of opercularization. The 
aspect of the incompletely formed frontal and tempo- 
ral operculum is most consistent with a failure of 
opercularization. However, in a few patients a normal 
sylvian fissure has been noted soon after birth, 



Fig. 37.2. A 3-year-old girl with glutaric aciduria type 1, who 
presented with an acute encephalopathic episode at the age 
of 1 year. Note the mildly enlarged subarachnoid spaces, the 
open sylvian fissure, enlarged spaces anterior to the temporal 
lobe, and mildly dilated lateral ventricles. There are extensive 
mild signal changes in the periventricular white matter, 
sparing the corpus callosum and U fibers. Bilateral lesions are 
present in the putamen,caudate nucleus,globus pallidus,den- 
tate nucleus, and pontine central tegmental tracts. The puta- 
men and caudate nucleus are atrophic. Courtesy of Dr.Z. Patay, 
Department of Radiology, and Dr. P.T. Ozand, Department of 
Pediatrics, King Faisal Specialist Hospital and Research Center, 
Riyadh, Saudi Arabia 




Fig. 37.1. Boy, 10 months old, with 
untreated glutaric aciduria type 1 . 
The images show extensive bilateral 
subdural hygromas and frontotempo- 
ral hypoplasia with an open sylvian 
fissure. Note that the arachnoid and 
subdural spaces can be easily distin- 
guished. Myeli nation is seriously 
delayed. The basal ganglia have a 
slightly abnormal signal intensity. 
From Osaka et al. (1 993), with 
permission 
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Fig. 37.2. 
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Fig. 37.3. A 3-year-old girl with glutaric aciduria type 1, who 
was diagnosed at the age of 15 months and has been non- 
compliant with treatment since. There is an open sylvian fis- 
sure and free space anterior to the temporal lobe. There are 
small spots of abnormal signal within the deep cerebral white 
matter. The putamen, globus pallidus, and caudate nucleus 



have an abnormal signal and are atrophic. There are signal 
changes in the central tegmental tracts of the pons. Courtesy 
of Dr. Z. Patay, Department of Radiology, and Dr. P.T. Ozand, 
Department of Pediatrics, King Faisal Specialist Hospital and 
Research Center, Riyadh, Saudi Arabia 



whereas wide open sylvian fissures are seen several 
months later, forming an argument for atrophy. De- 
crease of enlarged CSF spaces has been noted to occur 
spontaneously and with treatment. In some patients 
hemispheric white matter hypodensity has been 
found on CT. 

MRI may depict transient subependymal cysts in 
young and often still presymptomatic infants. MRI 
also depicts the fluid collections (Figs. 37.1-37.3). In 
most cases, the aspect of the wide open sylvian fis- 
sures is not consistent with arachnoid cysts but more 
probably with hypoplasia of the frontal and temporal 
operculum (Figs. 37.1-37.3). The enlarged peripheral 
fluid spaces are the result of enlarged subarachnoid 
spaces, subdural spaces, or a combination of the two 
(Figs. 37.1-37.3). Subdural hematomas may also be 
seen. In some patients the brain has a highly atrophic 
appearance with greatly enlarged extracerebral fluid 
spaces (Fig. 37.1). 



Bilateral lesions are often seen in central gray mat- 
ter structures, variably including the putamen, globus 
pallidus, head of the caudate nucleus, dentate nucleus, 
and substantia nigra (Figs. 37.1-37.4). The lesions are 
swollen in the acute stage and subsequently become 
atrophic. Myelination may be delayed (Fig. 37.1). In 
some of the patients more prominent white matter 
abnormalities are seen, most often in combination 
with striatal lesions or enlarged fluid collections as 
described above (Figs. 37.2 and 37.4). The white mat- 
ter abnormalities are extensive, symmetrical, and 
most marked in the frontal and occipital periventric- 
ular white matter and in the centrum semiovale. The 
arcuate fibers and corpus callosum are usually spared 
(Figs. 37.2 and 37.4). In other patients, more limited 
white matter abnormalities are seen (Fig. 37.3). 

On the whole, the imaging findings are highly vari- 
able. In some patients no abnormalities are noted at 
all, whereas in others only or mainly enlarged CSF 
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Fig. 37.4. A 14-month-old boy with glutaric aciduria type 1. 
He was diagnosed at 8 months and responded well to treat- 
ment.The cerebral white matter is abnormal, partly because of 
delayed myelination, partly because of white matter damage. 
It is easier to distinguish the two using T r weighted images 



{third row). There are bilateral lesions in the putamen, globus 
pallidus, dentate nucleus, and pontine central tegmental 
tracts. Courtesy of Dr. Z. Patay, Department of Radiology, and 
Dr. P.T. Ozand, Department of Pediatrics, King Faisal Specialist 
Hospital and Research Center, Riyadh, Saudi Arabia 



spaces are seen; other cases show a predominance of 
striatal lesions, while others have a combination of 
striatal and white matter abnormalities. Most cere- 
bral abnormalities can be prevented by early treat- 



ment. If already present, they tend to improve with 
treatment, depending partly on the reversibility of the 
abnormalities found. 



Chapter 38 

Propionic Acidemia 



38.1 Clinical Features 

and Laboratory Investigations 

Propionic acidemia, formerly also called ketotic hy- 
perglycinemia, is a disorder of organic acid metabo- 
lism with autosomal recessive inheritance. Two forms 
of the disease can be distinguished: the severe neona- 
tal onset form and the late onset form. 

Many patients with propionic acidemia present in 
the neonatal period with a progressive encephalopa- 
thy. They are normal at birth, but after a few hours or 
days deterioration sets in with lethargy, poor feeding, 
vomiting, tachypnea, and unexplained coma. Abnor- 
malities in tone and movement occur. Limb hyperto- 
nia and opisthotonic posturing or axial hypotonia 
are often present. Abnormal pedaling movements, 
myoclonic jerks, tremors, and seizures may be pre- 
sent. Intracranial hemorrhage may occur as a result of 
serious thrombocytopenia. Hepatomegaly may be 
found on physical examination. In the more advanced 
stage, there are signs of respiratory distress and 
bradycardia. Mortality is high, and survivors fre- 
quently have severe lasting neurological impairment, 
in particular characterized by mental retardation and 
extrapyramidal movements. The disease course is 
most commonly characterized by repeated relapses. 

In the late-onset form, the patients are older when 
they present with an acute encephalopathy. Most pa- 
tients are older than 1 year at presentation, and some 
may even present in adulthood. The acute metabolic 
decompensations are precipitated by enhanced pro- 
tein catabolism of exogenous origin (high protein in- 
take) or endogenous origin (catabolic states, such as 
in fasting, infections, or other forms of stress), but 
sometimes no cause is found. The encephalopathic 
episodes are characterized by ataxia, lethargy, and co- 
ma, sometimes with focal neurological abnormalities 
like hemiplegia. Often the children already had 
chronic problems before the first episode, including 
chronic feeding problems, persistent vomiting, failure 
to thrive, hypotonia, osteoporosis, and developmental 
retardation. Some patients with the later-onset form 
of propionic acidemia are mildly retarded, but some 
patients have normal intelligence. Some patients have 
a lasting extrapyramidal movement disorder, usually 
chorea. These chronic problems can be present for a 
long time without acute metabolic decompensation 
and without correct diagnosis. The mortality rate of 
the encephalopathic episodes with delayed onset is 



lower than that of the neonatal onset form, and the 
prognosis with respect to intelligence is better. 

During episodes of acute metabolic decompensa- 
tion, laboratory investigations reveal signs of dehy- 
dration, metabolic acidosis with ketonuria, elevated 
ammonia levels, and decreased carnitine levels. Lac- 
tate may be elevated and hypoglycemia may be pre- 
sent. Neutropenia and thrombopenia are consistent 
findings. Pancytopenia is rare. Specific laboratory 
findings suggesting the diagnosis are elevated plasma 
and urine levels of propionate, glycine, hydroxypro- 
pionate, propionylglycine, and methylcitrate. CSF 
glycine is not elevated, as is the case in nonketotic hy- 
perglycinemia. The diagnosis is confirmed by assess- 
ment of the enzyme propionyl-CoA carboxylase in 
leukocytes or fibroblasts. Prenatal diagnosis can be 
performed by enzyme assessment in cultured amnio- 
cytes and chorionic villi or by DNA techniques. 



38.2 Pathology 

Few data exist relating to histopathological findings 
in propionic acidemia. In the neonatal form, myelin 
splitting and myelin vacuolation have been reported, 
affecting the structures that contain myelin in a 
term neonate: posterior limb of the internal capsule, 
globus pallidus, thalamus, myelinated brain stem 
tracts, cerebellar white matter, and spinal cord. The 
progress of myelination is normal for a neonate. The 
cortical cytoarchitecture is normal. 

In older children, postmortem abnormalities 
mainly concern the basal ganglia. Atrophy, nerve cell 
loss, and gliosis are often found in the caudate nucle- 
us and putamen, to a lesser extent in the globus pal- 
lidus and thalamus. Hyper myelination may occur in 
the affected basal ganglia. The white matter is often 
normal. However, atrophy and spongiosis of the cere- 
bral white matter may also be found. 

Examination of the liver may reveal fatty degener- 
ation. 



38.3 Pathogenetic Considerations 

The basic defect in isolated propionic acidemia is a 
deficient activity of the mitochondrial enzyme propi- 
onyl-CoA carboxylase. This enzyme has biotin as its 
cofactor and consists of two nonidentical subunits (a 
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Fig. 38.1. A 2-month-old boy with 
early presentation of propionic 
academia.The cerebral white matter is 
slightly higher in signal intensity than 
normal for a neonate. Courtesy of 
Dr. Z. Patay, Department of Radiology, 
and Dr. P.T. Ozand, Department of 
Pediatrics, King Faisal Specialist 
Hospital and Research Center, Riyadh, 
Saudi Arabia 




and P). Propionyl-CoA carboxylase deficiency can be 
caused by a defect in either the a-subunit or the (3- 
subunit. The gene encoding the a-subunit is called 
PCCA and located on chromosome 13q32. The gene 
encoding the p-subunits is called PCCB and located 
on chromosome 3ql 3. 3-q22. Multiple disease-causing 
mutations have been described in both genes. 

Propionyl-CoA carboxylase converts propionyl- 
CoA into methylmalonyl-CoA, which is subsequently 
converted into succinyl-CoA, which enters the Krebs 
cycle. Isoleucine, valine, threonine, and methionine 
are precursors of propionic acid, explaining the ob- 
served protein and amino acid intolerance. Propi- 
onyl-CoA carboxylase is also involved in the degrada- 
tion of fatty acids with odd-numbered chain lengths 
and cholesterol. It is presently not clear why some pa- 
tients have a neonatal-onset devastating disease, 
whereas other patients have a later onset and milder 
disease course. 

The myelinopathy with splitting and vacuole 
formation is seen in a number of inborn errors of 
metabolism, including Canavan disease, maple syrup 
urine disease, and nonketotic hyperglycinemia, and a 
number of intoxications, including hexachlorophene, 
cuprizone, and triethyltin intoxication. The myelino- 
pathy is probably a toxic phenomenon. 



38.4 Therapy 

In episodes of acute metabolic decompensation, 
treatment consists of removal of toxic products by 
dialysis or exchange transfusions. At the same time 
further catabolism of proteins should be prevented 
and an anabolic situation should be achieved to pre- 
vent the production of more toxic products. This can 
be achieved by continuous parenteral nutrition with a 
protein-free product and continuous intravenous in- 
fusion of insulin. Insulin has the capacity to stimulate 
protein synthesis. Biotin can be added in an attempt 
to stimulate residual enzyme activity. Carnitine is ad- 
ministered to stimulate excretion of propionylcarni- 
tine in urine. 

Long-term treatment consists of dietary protein 
restriction while maintaining normal development 
and nutrition status and preventing catabolism. 
Chronic treatment with carnitine should be consid- 
ered. Chronic use of metronidazole can be prescribed 
to reduce propionic acid production by bacteria in the 
gut. Despite adequate treatment, the outcome of pa- 
tients with the severe variant of propionic academia is 
poor. Most of these patients have remaining morbid- 
ity and disability and recurrent metabolic decompen- 
sations may still occur. In these severe forms of propi- 
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Fig. 38.2. This girl with propionic academia was diagnosed at 
the age of 3 weeks. She has had repeated crises and intensive 
care admissions since. The present MRI was obtained at the 
age of 2 years, when she was admitted in coma to the intensive 
care unit. The T 2 -weighted images show signal abnormality 
and swelling of the caudate nucleus, putamen, substantia ni- 



gra, and dentate nucleus.The cerebral cortex has a slightly el- 
evated signal intensity, while the cerebellar cortex and subcor- 
tical white matter have a more prominently elevated signal. 
Courtesy of Dr. Z. Patay, Department of Radiology, and Dr. P.T. 
Ozand, Department of Pediatrics, King Faisal Specialist Hospi- 
tal and Research Center, Riyadh, Saudi Arabia 



onic acidemia, liver transplantation can be consid- 
ered. After the procedure, a diet with normal or only 
mildly restricted protein content can be resumed. 



38.5 Magnetic Resonance Imaging 

In patients with neonatal presentation of propionic 
academia and serious encephalopathy, an MRI pic- 
ture similar to that of maple syrup urine disease, with 
signal abnormality and swelling of the myelin-con- 
taining structures (dorsal part of the pons, midbrain, 
cerebellum, posterior limb of the internal capsule, 
globus pallidus, thalamus, and central part of the 
corona radiata) would be expected. These have, how- 
ever, not been reported. Diffuse slight cerebral white 
matter signal abnormality has been observed 
(Fig. 38.1). 



In older patients with propionic academia and 
acute decompensation, MRI may reveal signal abnor- 
malities and swelling of the basal ganglia, substantia 
nigra, and dentate nucleus (Fig. 38.2). The cerebral 
and cerebellar cortices and subcortical white matter 
may also display abnormal signal and mild swelling 
(Fig. 38.2 and 38.3). In the chronic phase, MRI find- 
ings include cerebral atrophy, variably delayed and 
disturbed myelination, and abnormalities in the cau- 
date nuclei, globus pallidus, and putamen (Fig. 38.4). 
The basal ganglia may display signal changes and at- 
rophy. However, none of these abnormalities is oblig- 
atory in patients with propionic academia. In one pa- 
tient with hemiplegia during acute metabolic decom- 
pensation, MRI did not reveal a corresponding con- 
tralateral cerebral lesion, apart from slight local 
cortical atrophy. 
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Fig. 38.3. A 6-year-old girl with propionic academia present- abnormalities are present in the caudate nucleus, putamen, 

ed with an acute metabolic decompensation. Note the signal and dentate nucleus. Courtesy of Dr. Z. Patay, Department of 

abnormalities in the cerebral and cerebellar cortex and the Radiology, King Faisal Specialist Hospital and Research Center, 

subcortical white matter on the T 2 -weighted images. Signal Riyadh, Saudi Arabia 



With treatment, improvement may occur. It is 
striking that what looks like irreversible cerebral 
atrophy (Fig. 38.4) improves with treatment with an 
increase in volume of the cerebral mantle (Fig. 38.5). 
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Fig. 38.4. A 10-month-old boy with untreated propionic of the lateral ventricles and subarachnoid spaces.The caudate 

acidemia, who had just been diagnosed at the time. The T 2 - nucleus, putamen, and globus pallidus have an abnormal sig- 

weighted images show delayed and irregular myelination. nal and are atrophic.The dentate nucleus also seems to have a 

There is evidence of prominent cerebral atrophy with dilation slightly abnormal signal 
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Fig. 38.5. Follow-up of the boy shown in Fig. 38.3. Dietary 
treatment and medication were started soon after the age of 
1 0 months and this MRI was obtained at 3 years. Myeli nation is 
now much more advanced, but still incomplete in the periven- 
tricular occipital area, the temporal lobes, and the subcortical 



area. There is a marked increase in cerebral volume as com- 
pared to the previous MRI. The basal ganglia lesions are still 
visible. The dentate nucleus also still has a slightly abnormal 
signal 



Chapter 39 

Nonketotic Hyperglycinemia 



39.1 Clinical Features 

and Laboratory Investigations 

Nonketotic hyperglycinemia (NKH) is an autosomal 
recessive disorder of which different types are distin- 
guished: neonatal, infantile, mild-episodic, late-onset, 
and transient. 

Most NKH patients have the neonatal variant. They 
are normal at birth. Within a few days there are pro- 
gressive neurological abnormalities, including lethar- 
gy, hypotonia, myoclonic jerks, seizures, coma, and 
apneic spells. Most infants require assisted ventila- 
tion. A few patients have been described with an in- 
creasing head circumference to above the 95th per- 
centile and hydrocephalus on neuroimaging, requir- 
ing shunting. Many patients with neonatal NKH die 
within a few weeks. The patients who survive show 
signs of spasticity, opisthotonus, absence of any de- 
velopment, severe seizures, and microcephaly. Many 
children who survive the neonatal period die within 
the first year of life, but some survive into childhood 
or beyond in a severely disabled condition. 

Patients with atypical NKH do not present in the 
neonatal period. In the infantile variant, seizures have 
a later onset, in the first year of life, and the patients 
tend to survive. Mental retardation is present but is 
not as severe as in the neonatal variant of NKH. 
Patients with mild-episodic NKH have mild mental 
retardation and episodes of agitation, ataxia, chorea, 
and vertical supranuclear ophthalmoplegia provoked 
by febrile illness. Patients with late-onset NKH have 
variable neurological features, including seizures, de- 
velopmental delay, developmental regression, spastic- 
ity, ataxia, and optic atrophy. Patients with transient 
NKH are initially indistinguishable from patients 
with neonatal NKH. However, in the course of several 
weeks the patients recover, most often without neuro- 
logical sequelae, although some patients have severe 
remaining neurological deficits. 

In neonatal and transient NKH, a characteristic 
EEG pattern is seen during the first weeks of life with 
short bursts of high complex waves alternated with 
hypoactivity. In neonatal NKH, this burst-suppres- 
sion pattern changes into hypsarrhythmia in the 
course of a few weeks. 

Laboratory abnormalities include elevated levels 
of glycine in plasma and urine in the absence of 
ketoacidosis. The CSF level of glycine is elevated, as is 
the ratio of CSF to plasma glycine. Elevation of CSF 



glycine is essential for the diagnosis. Patients with 
transient NKH initially have elevated CSF glycine and 
an elevated CSF:plasma glycine ratio, but in the 
course of 2-8 weeks plasma and CSF glycine levels 
return to normal. 

NKH is caused by a defect in the glycine cleavage 
system. This system is specifically expressed in liver, 
kidney, brain, and lymphoblasts,but not in fibroblasts 
and leukocytes. Liver biopsy used to be necessary 
for enzymatic diagnosis of NKH. Since it was shown 
that the glycine cleavage system can be tested in 
lymphoblasts, enzymatic diagnosis of NKH has been 
performed using peripheral blood. However, the 
normal glycine cleavage activity in normal lym- 
phoblasts is low, and the reliability of this method 
has been questioned. Patients with neonatal NKH 
have extremely low to undetectable glycine cleavage 
system activity, whereas in patients with atypical 
NKH some residual activity is found. Prenatal diag- 
nosis using cultured amniotic cells is not possible, 
because the glycine cleavage system is not manifest in 
these cells. Prenatal diagnosis using chorionic villi 
tissue is feasible, although false negative and false 
positive prenatal diagnoses have been reported. DNA 
diagnosis is preferable when the mutation of the fam- 
ily is known. 



39.2 Pathology 

The external configuration of the brain in patients 
with neonatal NKH is usually normal with a normal 
gyral pattern. The quantity of myelin found by micro- 
scopic examination of the brain is normal, but all 
myelinated areas have a strikingly spongy appearance 
imparted by the presence of numerous vacuoles. In 
conformity with the neonatal state of myelination, the 
spinal cord, brain stem (in particular brain stem 
tegmentum), cerebellar white matter, posterior limb 
of the internal capsule, and optic nerves, tracts, and 
chiasm are prominently involved, whereas cerebral 
hemispheric white matter devoid of myelin is free of 
vacuoles. There is usually a correlation between 
myelin density and density of vacuoles. In electron 
microscopy, the vacuoles are found to be located 
within myelin sheaths and formed by splitting of 
myelin lamellae along the intraperiod lines. There are 
no sudanophilic deposits and there is a paucity of 
phagocytic and astroglial reactions. In children 
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beyond the neonatal period variable delay in myelina- 
tion has been reported. 

In some patients with neonatal NKH, pachygyria 
and agenesis of the corpus callosum have been re- 
ported at CT. These findings have, so far as we know, 
not been confirmed by more detailed MRI or autopsy 
findings. 

Additional neuropathological changes can be 
found related to the serious condition of the child and 
occurrence of complications: neuronal incrustation 
with calcium in the cortex and thalamus, more acute 
anoxic neuronal changes in the cerebral cortex, and 
ischemic and/or hemorrhagic white matter changes 
in the periventricular area. 

Neuropathological findings in patients with a 
neonatal presentation of NKH and survival beyond 
the first year of life include a variable diffuse decrease 
in white matter mass with some ventricular enlarge- 
ment and a thin corpus callosum. The white matter of 
the CNS shows diffuse vacuolation, contrasting with 
the more restricted vacuolation in neonates, in whom 
unmyelinated white matter is not vacuolated. The 
amount of myelin may be normal or reduced without 
evidence of a progressive myelin disease or myelin 
loss. Cortical architecture is normal. The cerebellum 
may be of normal size or diffusely atrophic with a se- 
vere loss of Purkinje cells and granule cells. 



39.3 Pathogenetic Considerations 

The basic defect in NKH involves the glycine cleavage 
system. The glycine cleavage system is a mitochon- 
drial multienzyme complex that is composed of four 
proteins: P protein (a pyridoxal phosphate-depen- 
dent glycine decarboxylase), T protein (a tetrahydro- 
folate requiring aminomethyltransferase), H protein 
(a lipoic acid containing hydrogen carrier protein), 
and L protein (dihydrolipo amide dehydrogenase). 
Three components, the P, T, and H proteins, are specif- 
ic for the glycine cleavage system. L protein is a house- 
keeping enzyme, that is also used as the E 3 component 
of a-keto acid dehydrogenase complexes such as the 
pyruvate dehydrogenase complex. P, T, H, and L pro- 
teins are encoded by the genes GLDC on chromosome 
9p23-24, AMT on chromosome 3q21.1-21.2, GCSH 
on chromosome 16q24, and GCSL on chromosome 
7q31-32, respectively. The glycine cleavage system 
catalyzes the conversion of glycine and tetrahydrofo- 
late to C0 2 , NH 3 , and methylenetetrahydrofolate. 

The glycine cleavage activity is undetectable or 
extremely low in the neonatal type, whereas in the 
later-onset types there is still some residual activity. 
The majority of NKH patients have a defect in GLDC 
and the remainder have a defect in AMT. In transient 
neonatal NKH heterozygous GLDC and GCSH muta- 
tions have been found. However, the same mutation is 



also found in family members who never have symp- 
toms of NKH. Apparently carriership for NKH con- 
tributes to the development of transient NKH, but an 
additional unknown factor or factors contribute to 
the development of symptoms. Immaturity of the 
glycine cleavage system in the neonatal period maybe 
a factor. Deficiency of the L protein presents with the 
symptoms of pyruvate dehydrogenase complex defi- 
ciency without hyperglycinemia. 

In NKH, there is an elevated concentration of 
glycine in the brain and CSR The glycine is held re- 
sponsible for the neurological impairment. Glycine 
is a major inhibitory neurotransmitter in the brain 
stem and spinal cord, acting on strychnine-sensitive 
glycine receptors. The effects of high levels of glycine 
concentrations here are probably responsible for the 
hypotonia, lowered consciousness, and apnea present 
in neonates. Glycine is also active in the cerebral cor- 
tex and has excitatory properties here. It is a positive 
modulator of the AT-methyl-D-aspartate (NMDA) re- 
ceptor of glutamate, which plays an important role in 
glutamate-induced neurotoxicity. NMDA receptors 
are located throughout the brain. Glycine increases 
the frequency of NMDA receptor channel opening by 
accelerating recovery of the receptor following gluta- 
mate-induced desensitization. In this way, glycine 
potentiates the excitotoxic action of glutamate and 
may lead to intractable seizures. In animal experi- 
ments it has been shown that glycine administration 
enhances NMDA-induced seizures in mice whose 
classic glycine receptors located in spinal cord and 
brain stem had been blocked with strychnine. This 
experiment indicates that glycine is a harmful en- 
hancer of the NMDA response. It has been shown that 
the developing brain has heightened susceptibility to 
NMDA-mediated injury, and high levels of glycine 
may be particularly devastating to the CNS of the 
neonate. This is in accordance with the clinical obser- 
vation that most acute neurological problems are pre- 
sent in the neonatal period, and that stabilization is 
seen in patients who survive this period, albeit with a 
severe neurological handicap. 

The relationships between high glycine levels and 
myelin vacuolation and between myelin vacuolation 
and clinical symptomatology are unclear. A myelin 
disorder does not, as a rule, lead to severe epilepsy, 
but rather to spasticity and other forms of loss of 
neurological function. The myelin disorder may ex- 
plain at least part of the clinical impairment in the 
chronic stage of the disease. Myelin vacuolation is 
seen in inborn errors of metabolism (Canavan dis- 
ease, maple syrup urine disease) and in intoxications 
(hexachlorophene, triethyltin, cuprizone). The patho- 
genetic mechanisms of myelin vacuolation are un- 
clear in all these conditions, but are probably toxic in 
nature. 
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39.4 Therapy 

Many therapeutic approaches have been used in the 
attempt to lower glycine concentrations in patients 
with the neonatal-onset form of NHK. Dietary re- 
striction of glycine and serine or of all protein, 
administration of drugs to stimulate excretion of 
glycine in urine or bile, peritoneal dialysis, hemodial- 
ysis, and exchange transfusions have all failed to 
achieve much. 

Another strategy is aimed at blocking the effects of 
glycine on NMDA receptors. Strychnine blocks 
glycinergic inhibitory effects, but strychnine is only 
effective on the classic glycine receptors present in the 
brain stem and spinal cord. Strychnine treatment is 
clinically ineffective. Diazepam is a competitor for 
glycine receptors. The drug has a favorable anticon- 
vulsant effect. Treatment using NMDA receptor an- 
tagonists has also been attempted. Ketamine and 
tryptophan, both NMDA receptor antagonists, have 
been reported to lead to some reduction in irritabili- 



ty and epilepsy and some improvement of sucking 
and gross motor movements. 

So far a combination of the two strategies, using 
sodium benzoate and dextromethorphan, has had 
variable beneficial effect. Sodium benzoate is conju- 
gated with glycine to form hippurate, which can be 
effectively excreted in the urine, in this way removing 
excess glycine. A lowering to normalization of plasma 
glycine level and a lowering of CSF level can be 
achieved with sodium benzoate, accompanied by 
increased alertness of the patient and a reduction of 
seizures. The effectiveness of sodium benzoate seems 
to be higher in patients with atypical variants of NKH 
with only moderately elevated glycine levels than in 
patients with neonatal NKH. Dextromethorphan, an 
NMDA receptor antagonist, has been used with vari- 
able success to reduce or stop seizures, improve alert- 
ness and social interest, and initiate some motor de- 
velopment. During temporary cessation of treatment 
and during febrile infections, temporary neurological 
deterioration can occur. Imipramine, another NMDA 




Fig. 39.1. Male neonate with NKH, born at term and now 
4 days old.The brain looks diffusely abnormal and somewhat 
swollen. In large areas the contrast between cortex and white 
matter is decreased. The posterior limb of the internal capsule 



has a high signal throughout on these T 2 -weighted images. 
The brain stem also has an abnormal signal. The corpus callo- 
sum is present 
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receptor antagonist, has also been reported to have 
beneficial effects. Despite treatment, the neurological 
handicap of the treated children remains serious and 
there is only minor psychomotor development. 



39.5 Magnetic Resonance Imaging 

Limited imaging data are available in NKH. In the 
neonatal phase, MRI may show abnormalities in the 
signal intensity in the dorsal pons and midbrain and 
posterior limb of the internal capsule. These abnor- 
malities are probably related to myelin vacuolation in 
myelinated areas. Diffusion-weighted MRI shows a 
high signal in these areas and the cerebral peduncles, 
whereas ADC values in these areas are low, indicative 
of restricted diffusion. The findings are reminiscent 
of those in maple syrup urine disease, but tend to be 



less prominent (Fig. 39.1). We observed diffuse brain 
edema and swelling in a comatose neonate with NKH 
(Fig. 39.1). 

On follow-up progressive cerebral and cerebellar 
atrophy is observed with ventricular enlargement, en- 
largement of the subarachnoid spaces, and thinning 
of the corpus callosum (Figs. 39.2 and 39.3). Myelina- 
tion is seriously delayed (Figs. 39.2 and 39.3). 

Long echo time proton MRS of the brain offers a 
noninvasive method for direct measurement of brain 
levels of glycine, if elevated, and can be used for diag- 
nostic purposes and to monitor treatment. Glycine 
co-resonates with rayo-inositol at 3.56 ppm. For this 
reason it is impossible to quantify glycine at short 
echo times. However, glycine has a much longer T 2 
than rayo-inositol and is also visible at long echo 
times (135-270 ms), when rayo-inositol is no longer 
seen. 



Fig. 39.2. Boy, 10 months old, with 
NKH. The corpus callosum is extremely 
thin and hardly visible on the sagittal 
images, but the presence of the cingu- 
late gyrus indicates that it has devel- 
oped normally. The transverse images 
confirm that there is a very thin corpus 
callosum. The white matter contains 
very little myelin. The volume of the 
cerebral white matter is reduced and 
the lateral ventricles are dilated. There 
is a lesion in the basal ganglia on the 
left. Courtesy of Dr. Z. Patay, Depart- 
ment of Radiology, and Dr. P.T. Ozand, 
Department of Pediatrics, King Faisal 
Specialist Hospital and Research 
Center, Riyadh, Saudi Arabia 
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Fig. 39.3. Patient, 1 3 months old, with NKH.The sagittal image 
demonstrates that the corpus callosum is extremely thin but 
complete.The T r and T 2 -weighted images show that the cere- 
bral white matter contains very little myelin.The volume of the 



cerebral white matter is mildly reduced and the lateral ventri- 
cles are dilated. Courtesy of Dr. Z. Patay, Department of Radiol- 
ogy, and Dr. P.T. Ozand, Department of Pediatrics, King Faisal 
Specialist Hospital and Research Center, Riyadh, Saudi Arabia 



Chapter 40 

Maple Syrup Urine Disease 



40.1 Clinical Features 

and Laboratory Investigations 

Maple syrup urine disease (MSUD) is a hetero- 
geneous disorder. Classification is based on clinical 
presentation and outcome. Five phenotypes can be 
distinguished: classical, intermediate, intermittent, 
thiamine-responsive, and dihydrolipoyl dehydroge- 
nase (E 3 ) -deficient forms of MSUD. All forms have an 
autosomal recessive mode of inheritance. 

Classical MSUD is the most severe and the most 
common form of the disease. Infants appear normal 
at birth. By the end of the first week symptoms 
emerge, with lethargy, poor feeding (but rarely vom- 
iting), alternating periods of hypertonia and hypoto- 
nia, opisthotonus, convulsions, bulging fontanel, 
irregular respiration, and apnea. An odor of maple 
syrup is frequently noted, but may not initially be pre- 
sent. If the disease is not treated, rapidly progressive 
neurological deterioration occurs, with cerebral ede- 
ma, coma, and death usually within the first month of 
life. If an untreated patient survives the first few 
weeks of life, signs of severe brain damage remain, 
with profound psychomotor retardation, spasticity, 
generalized dystonia, and cerebral blindness. Early 
diagnosis and treatment may avert or reverse the 
neurological abnormalities, but mental and neurolog- 
ical residua are common in treated patients. It has 
been shown that the length of time after birth for 
which the metabolic derangement is not adequately 
treated, and the quality of long-term metabolic con- 
trol both have important influences on eventual intel- 
lectual capacities. If the disease is identified and treat- 
ed within a few days after birth, IQ scores are higher 
and may be normal. A problem is that throughout life 
intercurrent illnesses, even minor illnesses, may lead 
to severe metabolic derangement, cerebral edema, 
and possibly death. 

The intermediate variant of MSUD is milder and 
patients do not have catastrophic illness in the neona- 
tal period. Many patients do not have episodes of 
acute metabolic decompensation. Progressive mental 
retardation is the major clinical feature, usually be- 
coming apparent during the first year of life. General- 
ized hypotonia and an odor of maple syrup are pre- 
sent. 

Patients with the intermittent form of MSUD show 
normal early development. They are at risk for acute 
metabolic decompensation during stressful situa- 



tions. Clinical signs may be first seen between the 
ages of 2 months and 40 years, triggered by infection, 
vaccination, operation, or sudden increase in dietary 
protein. The episodic deterioration is characterized 
by maple syrup odor, cerebellar ataxia, irritability, 
and progressive lethargy. With supportive care the 
patient recovers, but will experience repeated similar 
episodes until the correct diagnosis is established and 
specific dietary treatment started. 

Thiamine-responsive MSUD is not a well-defined 
subtype of MSUD. In the reported patients, the clini- 
cal course tends to be relatively mild, even if untreat- 
ed, although thiamine responders may also have the 
classical, severe form of the disease. In general, these 
patients do not have acute neonatal illness and their 
early clinical course is similar to that of intermediate 
MSUD. The course of the disease is greatly ameliorat- 
ed by simultaneous thiamine administration and 
dietary treatment. Outcome is favorable. 

E 3 -deficient patients have a relatively uneventful 
first few months of life. Patients develop persistent 
lactic acidosis between 2 and 6 months of life and a 
progressive neurological deterioration sets in with 
hypotonia, developmental delay, and extrapyramidal 
movement abnormalities. 

Laboratory investigations reveal ketoacidosis in 
episodes of metabolic decompensation. Concentra- 
tions of branched-chain amino acids (leucine, valine, 
and isoleucine) and related keto acids (a-ketoiso- 
caproic acid, a-ketoisovaleric acid, and a-keto-p- 
methylvaleric acid) are elevated in blood, urine, and 
CSE Smaller amounts of the respective 2-hydroxy 
acids are formed by reduction of the keto acids. An 
unusual isomer of isoleucine, alloisoleucine, is also 
found. Diagnosis is confirmed by demonstration of a 
deficiency of branched-chain keto acid dehydroge- 
nase in leukocytes or cultured fibroblasts. DNA con- 
firmation is an option. 

In the early stages of untreated classical MSUD, 
EEG shows characteristic abnormalities, variously 
called a "comb -like" or "picket fence" rhythm or "cen- 
tral theta spindle." The pattern consists of bursts and 
runs of 5-7 Hz, primarily monophasic, negative, 
mu-like activity in the central and central-parasagit- 
tal regions during wakefulness and sleep with the 
most abundant bursts occurring during quiet, non- 
REM sleep. The background pattern shows diffuse 
slowing, loss of reactivity to auditory stimuli, burst- 
suppression patterns, and spike and sharp wave pat- 



312 Chapter 40 Maple Syrup Urine Disease 



terns. The abnormalities disappear on treatment. Mo- 
tor and sensory peripheral nerve conduction velocity 
is normal. 

Prenatal diagnosis can be performed by assessing 
branched- chain keto acid dehydrogenase in cultured 
amnio cytes or chorionic villus cells. In families with 
known mutations, DNA analysis can replace the 
enzyme assay. 



40.2 Pathology 

In young infants who die in the acute stage of the dis- 
ease, the brain is enlarged due to generalized edema. 
Brain weight is increased. Gyri maybe broadened and 
flattened. Microscopic examination reveals a status 
spongiosus of myelinated areas. Unmyelinated re- 
gions are not affected. Thus, in neonates the areas 
involved are the spinal cord, medulla oblongata, 
dorsal part of pons, midbrain, cerebellar white mat- 
ter, cerebellar peduncles, posterior limb of the inter- 
nal capsule, and central part of the corona radiata. 
Sponginess may also be present in the basal ganglia, 
in particular in the globus pallidus due to its density 
of myelinated fibers. The sponginess is caused by 
myelin splitting at the intraperiod line and in- 
tramyelinic vacuole formation. No signs of active 
myelin breakdown are seen and no sudanophilic 
breakdown products. In the spongy white matter 
marked astrocytic gliosis is present. 

In older, untreated infants neuropathological find- 
ings may also be characterized by edema if the patient 
died during an acute metabolic decompensation. 
Further findings consist of a delay in myelination and 
a status spongiosus and astrogliosis of the myelinated 
white matter. Myelin stains reveal myelin paucity, but 
there is no evidence of active myelin breakdown. 
Oligodendrocytes are decreased in numbers. There 
are no phagocytic cells and no or little deposition of 
sudanophilic breakdown products. The myelin ab- 
normalities occur in all regions; no areas are spared. 
Gray matter is essentially normal. In treated infants 
and children myelination is normal and white matter 
sponginess is minimal. 

The neuropathology in E 3 deficiency resembles 
that of Leigh syndrome with lesions in the basal gan- 
glia, thalami, and brain stem. 



40.3 Chemical Pathology 

In neonates the lipid composition of the brain is nor- 
mal or near-normal. In older, untreated infants the 
findings of chemical analysis of the brain are in con- 
formity with delayed myelination without active 
myelin breakdown. Major myelin components, in- 
cluding sulfatide, cerebroside, and proteolipid pro- 



tein, are significantly reduced. Cholesterol esters are 
not elevated. Free amino acids in the brain are not 
altered with the exception of the branched- chain 
amino acids, which are markedly increased. Gluta- 
mine, glutamate, and GABA are significantly reduced. 
In older, treated patients, the lipid composition of the 
brain is normal. 



40.4 Pathogenetic Considerations 

MSUD is caused by a deficiency in activity of the 
branched-chain cx-keto acid dehydrogenase complex. 
This is a mitochondrial multienzyme complex cat- 
alyzing the oxidative decarboxylation of branched- 
chain a-keto acids, which are derived branched-chain 
amino acids such as valine, leucine, and isoleucine by 
transamination. The multienzyme complex consists 
of three catalytic components: branched-chain a-ke- 
to acid decarboxylase (Ex), dihydrolipoyl acyltrans- 
ferase (E 2 ), and dihydrolipoyl dehydrogenase (E 3 ). 
E x is a heterotetramer composed of two a and two p 
subunits. The complex also contains two specific reg- 
ulatory enzymes, a kinase and a phosphatase, com- 
pounds that are responsible for regulating the catalyt- 
ic activity through phosphorylation and dephospho- 
rylation. E x is phosphorylated at two serine residues 
and hence responsible for regulation of the catalytic 
activity of the complex. Phosphorylation inactivates 
the complex and dephosphorylation activates it. 
E x binds thiamine diphosphate to create the active 
site for decarboxylation of the branched-chain 
a-keto acid substrate. E 2 catalyzes transfer of the 
acyl group from the lipoyl moiety to coenzyme A to 
give rise to a branched-chain acyl-CoA. It forms the 
structural core of the enzyme complex to which Ei, E 3 , 
kinase and phosphatase are bound. E 3 is identical 
to the dehydrogenases associated with pyruvate de- 
hydrogenase and a-ketoglutarate dehydrogenase 
complexes. 

Mutation in any of the four genes encoding Ex, E 2 , 
and E 3 may result in MSUD through dysfunction of 
the branched-chain a-keto acid dehydrogenase com- 
plex. The gene encoding E la , BCKDHA, is located on 
chromosome 19 at position ql3. 1-13.2. The gene en- 
coding Exp, BCKDHB, is located on chromosome 6 at 
position p21-22. The gene encoding E 2 , DBT, is locat- 
ed on chromosome 1 at position p21-31. The gene 
encoding E 3 , DLD, is located on chromosome 7 at 
position q31-32. Patients with a deficiency of E 3 
activity have combined deficiency of branched-chain 
a-keto acid dehydrogenase, pyruvate dehydrogenase, 
and a-ketoglutarate dehydrogenase complexes. So 
far, no clear relationship between genotype and phe- 
notype has emerged. There is some relationship 
between clinical phenotype and residual enzyme 
activity. 
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Mechanisms for toxic effects of increased 
branched-chain amino acids and keto acids remain 
largely unelucidated. The toxic effects may be related 
to disturbance of neurotransmission, energy deple- 
tion, and direct myelin damage. Branched-chain keto 
acids and their hydroxy derivatives compete with 
glutamate for decarboxylation and so reduce GAB A 
production. Excess leucine may reduce cerebral sero- 
tonin. a-Ketoisocaproic acid inhibits pyruvate dehy- 
drogenase and a-ketoglutarate dehydrogenase, two 
important enzymes in mitochondrial energy pro- 
duction. The mechanism of myelin vacuolation and 
myelin damage is unknown. Hexachlorophene and 
triethyltin are toxins which also lead to myelin vacuo- 
lation. These substances are inhibitors of mitochon- 
drial oxidative phosphorylation. From experimental 
studies it is known that lasting effects only follow 
chronic exposure and that early discontinuation of 
exposure is followed by repair. This course of events is 
similar to that observed in MSUD: early treatment 
leads to resolution of abnormalities. Only in untreat- 
ed cases are lasting effects seen. The precise patho- 
physiological mechanisms of myelin splitting are 
unknown, either in exogenous intoxications or in 
MSUD. Evidence has been found that MSUD metabo- 
lites, in particular a-isocaproic acid, induce apoptosis 
in glial and neuronal cells, but the relationship with 
the in vivo pathology of MSUD is unclear. 



40.5 Therapy 

In cases of acute metabolic decompensation with very 
high blood and tissue levels of branched-chain amino 
acids and keto acids, emergency treatment is neces- 
sary. Exchange transfusions, peritoneal dialysis, he- 
modialysis, and hemofiltration are effective in acute- 
ly ill patients. These therapeutic measures must be 
supplemented by high-energy intake to reverse the 
catabolic condition caused by infection or fasting. For 
this purpose intravenous glucose, intravenous lipids, 
or a special formula containing a mixture of complete 
nutrients lacking only branched-chain amino acids 
can be used. Concomitant administration of insulin is 
very effective in achieving an anabolic situation. In 
acutely ill but not comatose patients, nutritional ther- 
apy may be sufficient. During the course of therapy, 
isoleucine and valine should be added to the regimen 
to prevent depletion of these essential amino acids 
and thus ensure effective protein synthesis. 

Minor illnesses may lead to catabolic conditions 
with release of amino acids from body tissues. Toxic 
levels of branched-chain amino acids maybe reached 
within a few hours with onset of as yet mild clinical 
symptoms. Immediate high- energy intake and tem- 
porary removal of all natural protein from the diet in 
such situations may prevent a full-blown metabolic 



decompensation. Catabolic conditions after surgery 
can be prevented by administration of insulin and a 
branched-chain amino-acid-free parenteral nutrition 
regimen. 

All patients with classical MSUD require life-long 
dietary treatment. The long-term treatment aims at 
maintaining the whole-body content of branched- 
chain amino acids close to the minimum requirement 
for normal body function. The amount of branched- 
chain amino acids necessary for adequate protein 
synthesis is given in the form of natural proteins in a 
protein-restricted diet. A branched-chain amino- 
acid-free mixture of amino acids is used to supple- 
ment the diet. The levels of branched-chain amino 
acids in blood are measured regularly to monitor 
treatment. Deficiency of branch-chain amino acids 
leads to growth failure, skin rash, exfoliative dermati- 
tis, diarrhea, and de-epithelialization of the cornea. 
Patients with milder forms of MSUD tolerate a high- 
er protein intake. In thiamine-responsive MSUD, use 
of thiamine increases protein tolerance. However, a 
protein-restricted diet should still be used and the 
plasma levels of branched-chain amino acids moni- 
tored. In order to test for thiamin-responsiveness, all 
patients should receive trial therapy with thiamin. 

If onset of dietary treatment leads to lowering of 
blood levels of branched-chain amino acids within a 
few days after birth, and if adequate dietary control is 
maintained over the years, prognosis is excellent and 
intellectual capacities may be normal. Later onset of 
treatment or poor dietary control contribute to men- 
tal deficiency. With adequate dietary treatment and 
careful monitoring, female patients with MSUD may 
enjoy successful pregnancies. 

Liver transplantation has been shown to increase 
whole-body branched-chain a-keto acid dehydroge- 
nase activity to at least the level of very mild MSUD 
variants (Wendel et al. 1999). After liver transplanta- 
tion, patients no longer need protein-restricted diets 
and the risk of metabolic decompensation during 
catabolic events is apparently abolished. However, liv- 
er transplantation comes with considerable risks and 
the benefits may not be significantly different from 
those of strict dietary treatment. 



40.6 Magnetic Resonance Imaging 

In MSUD with neonatal presentation, CT shows a very 
characteristic pattern with profound hypodensity 
and swelling of the cerebellar hemispheres, dorsal 
part of the pons, midbrain, posterior limb of the 
internal capsule, the globus pallidus, and often the 
thalamus. In addition, milder, generalized cerebral 
white matter hypodensity is seen. 

MRI confirms the pattern. In MSUD with neonatal 
presentation, T 2 -weighted images show marked 
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Fig. 40.1. 
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Fig. 40.1 . {continued). Baby boy with MSUD.The T 2 -weighted 
images {first three rows) show an elevated signal intensity and 
swelling of the cerebellar white matter, the medulla, dorsal 
part of the pons, pyramidal tracts in the basis of the pons, mid- 
brain, the posterior limb of the internal capsule, and central 
part of the corona radiata.The thalamus, too, has a slightly ab- 
normal signal. The diffusion-weighted images (trace images, 
b = 1 000, fourth and fifth rows) show restricted diffusion in the 



cerebellar white matter, the medulla, dorsal part of the pons, 
pyramidal tracts in the basis of the pons, midbrain, posterior 
limb of the internal capsule, and central part of the corona 
radiata.The thalamus,anterior limb of the internal capsule, cor- 
pus callosum,and hippocampus display less severely restrict- 
ed diffusion. Courtesy of Dr.Z. Patay, Department of Radiology, 
and Dr. P.T. Ozand, Department of Pediatrics, King Faisal Spe- 
cialist Hospital and Research Center, Riyadh, Saudi Arabia 



swelling and high signal intensity in the posterior 
part of the pons, in the midbrain, cerebellar white 
matter, posterior limb of the internal capsule, thala- 
mus, globus pallidus, and central part of the corona 
radiata (Fig. 40.1). Besides, mild diffuse cerebral 
white matter edema may be present. Without treat- 
ment, the edema gradually decreases and atrophy en- 
sues. Edema is most pronounced between the third 
week and the end of the second month. With treat- 
ment edema resolves more rapidly. 

Remaining abnormalities in treated patients are 
variable, depending on the severity and duration of 
the initial episode of metabolic derangement and the 
subsequent metabolic control (Figs. 40.2-40.4). In 
some patients MRI becomes normal. In others some 
signs of atrophy, delay in myelination, and white 
matter abnormalities are found. Many patients have 
remaining signal abnormalities in the midbrain, 
thalamus, and globus pallidus. 

If MRI is performed during a later episode of 
metabolic decompensation in otherwise adequately 
treated and normally developing children with classi- 
cal MSUD, it shows brain swelling and abnormally 
increased signal intensity on T 2 -weighted images in 
the deep white matter and U fibers, internal capsule, 
basal ganglia, thalamus, hypothalamus, dentate nu- 
cleus, and brain stem. In deep coma, all white matter 
may be abnormal in signal and seriously swollen. If 
adequate treatment is initiated immediately, most or 
all abnormalities disappear. 

Milder variants of MSUD usually come to medical 
attention in the second year of life because of retard- 



ed development or signs of metabolic decompensa- 
tion. MRI at that time (Figs. 40.5 and 40.6) shows 
more diffuse abnormality of the white matter of the 
cerebral hemispheres. The cerebral white matter may 
have a striking stripe-like appearance, the stripes be- 
ing partly related to enlarged perivascular spaces and 
partly to myelination in stripes, probably reflecting 
perivascular myelin deposition (Figs. 40.5 and 40.6). 
The brain stem is also involved. Both the thalamus 
and globus pallidus are affected, whereas the puta- 
men and caudate nucleus are normal. The cortex is 
normal. Improvement after treatment has been re- 
ported. In adequately treated patients with milder 
variants of MSUD, CT and MRI may be normal. 

Diffusion-weighted imaging shows restricted dif- 
fusion in the areas of acute myelin vacuolation with 
low ADC values (Fig. 40.1). In neonates, this results in 
a pattern of very high signal intensity in the medulla, 
dorsal part of the pons, the midbrain, cerebellar white 
matter, posterior limb of the internal capsule, thala- 
mus, globus pallidus, and central part of the corona 
radiata. The restricted diffusion is probably related to 
decrease of the extracellular space because of the 
vacuoles within the myelin sheaths. Diffusion tensor 
imaging reveals decreased anisotropy in the same 
regions. In the unmyelinated white matter ADC val- 
ues are increased, reflecting white matter edema. 

Proton MRS is helpful in establishing a diagnosis 
in acute metabolic decompensation by revealing res- 
onances related to branched chain amino acids and 
keto acids at 0.9 ppm. Lactate may also be elevated. 
These peaks disappear with treatment. 
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Fig. 40.2. A 4-month-old girl with neonatal-onset MSUD. She 
was diagnosed at 3 weeks and has been receiving treatment 
since that time. Diffuse signal abnormalities are still seen in the 
cerebral and cerebellar white matter, and brain stem at all lev- 
els.There is, however, much less swelling than in the neonatal 
stage.The thalamus and globus pallidus are abnormal, where- 



as the putamen and caudate nucleus are spared.These abnor- 
malities are very similar to those seen in Canavan disease. 
Courtesy of Dr. Z. Patay, Department of Radiology, and Dr. P.T. 
Ozand, Department of Pediatrics, King Faisal Specialist Hospi- 
tal and Research Center, Riyadh, Saudi Arabia 



The images of patients with classical MSUD during 
the neonatal period are diagnostic. All areas which 
are normally myelinated at that age have an abnormal 
signal intensity and are swollen. This pattern is exclu- 
sively seen in vacuolating myelinopathies of neonatal 



onset. The images of patients with milder variants of 
MSUD during the second year of life are very similar 
to those of Canavan disease. However, clinical history 
and laboratory findings differentiate between the 
two. 
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Fig. 40.3. The same girl as in Fig. 40.2, now at the age of 2 
years. Under treatment most abnormalities disappeared. 
Myelination is mildly delayed. There are slight signal abnor- 
malities in the globus pallidus. Courtesy of Dr.Z. Patay, Depart- 



ment of Radiology, and Dr. P.T. Ozand, Department of Pedi- 
atrics, King Faisal Specialist Hospital and Research Center, 
Riyadh, Saudi Arabia 
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Fig. 40.4. Boy with neonatal presentation of MSUD. He has re- 
sponded well to treatment and is now 6 years old. The MRI 
shows signal abnormalities in the periventricular white matter, 
globus pallidus, midbrain (especially the dorsal part), the dor- 



sal pons, and the dentate nucleus. Courtesy of Dr. Z. Patay, 
Department of Radiology, King Faisal Specialist Hospital and 
Research Center, Riyadh, Saudi Arabia 
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Fig. 40.5. An 1 8-month-old boy with intermittent MSUD. He 
experienced metabolic coma at 1 2 and 1 8 months. MRI shows 
extensive cerebral white matter abnormalities, in some areas 
with a stripe-like aspect.The thalamus and globus pallidus are 
abnormal, while the putamen and caudate nucleus are spared. 
The posterior limb of the internal capsule is spared. In addition, 



there are signal abnormalities in the midbrain, pons, medulla, 
and dentate nucleus. He responded well to treatment and had 
a full clinical recovery. Courtesy of Dr. Z. Patay, Department of 
Radiology, King Faisal Specialist Hospital and Research Center, 
Riyadh, Saudi Arabia 



Fig. 40.6. A 4-year-old boy recently diagnosed with MSUD. 
TheT 2 -weighted images {first and second rows) show extensive 
cerebral white matter abnormalities, which have a stripe-like 
aspect.The stripes are partly related to enlarged perivascular 
spaces and partly to myelin deposition in a stripe-like pattern, 
probably perivascular myelin deposition. The thalamus and 
globus pallidus are abnormal, while the putamen and caudate 
nucleus are spared.The posterior limb of the internal capsule is 
spared. There are signal abnormalities in the midbrain, pons, 
medulla, dentate nucleus, and cerebellar white matter. The 



T r weighted images {third row) demonstrate mild diffuse hyper- 
intensity of the white matter, consistent with diffuse hypomyeli- 
nation. Within the white matter the enlarged perivascular 
spaces are beautifully seen. The sagittal {fourth row, left and 
middle) and coronal {fourth row, right) images confirm the pres- 
ence of the enlarged perivascular spaces and the stripe-like 
pattern of myelin deposition. Courtesy of Dr. I. Verma, Depart- 
ment of Genetic Medicine, Sir Ganga Ram Hospital, New Delhi, 
India. (Fig. 40.6 see next page) 
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Fig. 40.6. 



Chapter 41 

3-Hydroxy-3-Methylglutaryl-CoA Lyase Deficiency 



41.1 Clinical Features 

and Laboratory Investigations 

3-Hydroxy-3-methylglutaryl-coenzyme A lyase (HMG- 
CoA lyase) deficiency is a rare inborn error of metab- 
olism with an autosomal recessive mode of inheri- 
tance. About 50% of the patients present in the 
neonatal period after a brief symptom-free period. 
Most of the rest become symptomatic before the age 
of 1 year. Presentation after the age of 2 years is rare. 
Episodes of deterioration are provoked by fasting, in- 
fections, and high protein intake. The episodes are 
characterized by lowering of consciousness, hypoto- 
nia, sometimes seizures, and apnea. Many patients 
have hepatomegaly. Some patients die from deep hy- 
poglycemia. With appropriate treatment, most pa- 
tients recover from their initial episode of metabolic 
decompensation, but there may be remaining neuro- 
logical sequelae, including microcephaly, mental re- 
tardation, visual impairment, epilepsy, and central 
motor deficits. 

Laboratory examinations during these episodes 
always reveal an acidosis and almost always hypo- 
glycemia, which is often profound. Ketone bodies are 
inappropriately low. Lactate may be markedly elevat- 
ed, especially in neonates. Many patients have abnor- 
mal liver function tests and hyperammonemia. Pan- 
creatitis is another complication that may occur. Uri- 
nary organic acid analysis reveals increased excretion 
of 3-hydroxy-3-methylglutaric acid, 3 -hydroxy isova- 
leric acid, 3-methylglutaconic acid, and 3-methylglu- 
taric acid. 3-Methylcrotonylglycine may also be pre- 
sent. The diagnosis is confirmed by enzyme assess- 
ment in leukocytes or cultured fibroblasts. Fasting 
and leucine loading are usually unnecessary for diag- 
nosis. They may be useful to determine fasting and 
protein tolerance, but they carry the risk of invoking 
metabolic decompensation and should be performed 
under close supervision. DNA confirmation is op- 
tional. Neonatal screening is possible using analysis 
of 3-methylglutarylcarnitine in blood. Prenatal diag- 
nosis can be performed using metabolite measure- 
ments, enzyme essays, and molecular techniques. 



41.2 Pathology 

Zoghbi et al. (1986) reported the findings of a brain 
biopsy during an episode of metabolic decompensa- 
tion. No abnormalities were found in the cerebral cor- 
tex. In the white matter spongiosis, reactive gliosis, 
and increased intracellular astrocytic glycogen were 
found. Gibson et al. (1994) reported spongiform de- 
generative changes and generalized edema in a child 
who died during a metabolic crisis. The histopatho- 
logical basis of the focal and diffuse white matter sig- 
nal abnormalities in well-treated and clinically nor- 
mal patients is unknown. 



41 .3 Pathogenetic Considerations 

HMG-CoA lyase is a key enzyme in leucine degrada- 
tion and in ketogenesis. The gene encoding HMG- 
CoA lyase, HMGCL y is located on chromosome 
lp35. 1-36.1. The enzyme HMG-CoA lyase is located 
in mitochondria and peroxisomes of all tissues. 
Leucine is sequentially converted to 3-methyl- 
crotonyl-CoA, 3-methylglutaconyl-CoA, and HMG- 
CoA. Fatty acid degradation leads to the formation of 
acetyl-CoA, which joins acetoacetyl-CoA to form 
HMG-CoA. HMG-CoA lyase catalyzes the conversion 
of HMG-CoA to acetoacetate. Acetoacetate and 
3-hydroxybutyrate are the principal ketone bodies. 
3-Hydroxybutyrate is derived directly from acetoac- 
etate in a dehydrogenase reaction. A third ketone 
body, acetone, arises from decarboxylation of ace- 
toacetate. Ketone bodies are formed predominantly 
from fatty acids and ketogenic amino acids, princi- 
pally leucine. Ketone bodies are used as alternative 
source of energy for the brain when production of 
energy from glucose is insufficient to meet the de- 
mands. The main function of ketone bodies maybe to 
provide the brain with a noncarbohydrate energy 
source during fasting. The brain cannot use fatty 
acids as an energy source. Under normal conditions, 
the main energy substrates of the brain are glucose 
and its derivatives, such as lactate, but during pro- 
longed fasting ketone bodies supply almost two- 
thirds of the brain energy. Ketone bodies have a glu- 
cose sparing effect, turning down peripheral and cen- 
tral glucose utilization. They also reduce muscular 
proteolysis. 
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In HMG-CoA lyase deficiency multiple different 
mutations have been identified in HMGCL but so far 
no clear genotype-phenotype correlation has been 
found. HMG-CoA lyase deficiency causes a block in 
the production of ketone bodies, leading to exhaus- 
tion of glucose to very low levels under conditions 
when ketogenesis is required, that is, insufficient 
availability of glucose to meet energy demands. The 
metabolic decompensation is characterized by hy- 
poketotic hypoglycemia. Infancy is the period of 
highest risk for decompensation. 

In patients who survived a period of profound hy- 
poglycemia in the neonatal period the remaining 
cerebral damage may mainly involve the posterior 
part of the brain, as typically happens in neonatal hy- 
poglycemia. The cause of the remaining white matter 
abnormalities seen in patients with HMG-CoA lyase 
deficiency is unknown. These abnormalities must 
somehow be related to the specific metabolic de- 
rangement, because they are not seen in other disor- 
ders with hypoketotic hypoglycemia. 



41 .4 Therapy 

The mainstay of treatment is suppression of ketogen- 
esis. During a metabolic crisis, immediate attention 
should be focused on correction of the blood pH by 
sodium bicarbonate infusions and elevation of blood 
glucose by glucose infusions. In addition, patients 
may require measures of general support including 
assisted ventilation and repair of electrolyte and fluid 
deficits. 

Long-term management of HMG-CoA-lyase-defi- 
cient patients should focus on avoidance of hypo- 
glycemia and of long fasts. A high-carbohydrate diet 
is recommended with moderate protein and fat re- 
striction. The leucine intake should be adjusted to in- 
sure normal growth. Patients should be under con- 
stant observation during periods of intercurrent ill- 
ness. A high carbohydrate intake must be maintained 
during any metabolic stress. If high carbohydrate in- 
take cannot be maintained, patients should be admit- 
ted for intravenous glucose administration. 

Once the diagnosis has been established and this 
treatment strategy is applied, further neurological 
damage is usually prevented. 



41.5 Magnetic Resonance Imaging 

CT scan findings during a metabolic crisis in the 
neonatal period are characterized by white matter 
hypodensity and swelling. In the occipital region, 
contrast between the cortex and white matter may 
have disappeared and follow-up CT may show severe 
cystic degeneration of the occipital and parieto-oc- 
cipital white matter. These findings are not specific 
for HMG-CoA lyase deficiency, but are characteristic 
sequelae of profound neonatal hypoglycemia. Follow- 
up MRI shows evidence of gliotic scarring and atro- 
phy of the area involved (Fig. 41.1). In addition, le- 
sions in the globus pallidus, thalamus, putamen, and 
caudate nucleus may occur following a neonatal 
hypoglycemic crisis (Fig. 41.1). 

Hypoglycemia after the neonatal period usually 
leads to more diffuse cerebral cortical damage. In 
some children a stroke, e.g., a unilateral anterior and 
middle cerebral artery infarction arising during a 
metabolic crisis, has been reported. In an untreated 
infant with a moderately severe chronic metabolic de- 
rangement, macro cephaly and diffuse white matter 
hypodensity and swelling have been reported (Lisson 
et al. 1981; Leupold et al. 1982), suggesting diffuse 
white matter spongiosis. Cystic degeneration of the 
white matter was documented on follow-up. 

MRI findings that are characteristic of HMG-CoA 
lyase deficiency include multiple abnormal white 
matter foci, varying in number from a few to, more 
often, a multitude and varying in size from very small 
- a few millimeters - to larger and more confluent le- 
sions (Figs. 41.2 and 41.3). The abnormal white mat- 
ter foci may be seen on a background of slight to mild 
signal abnormalities of almost the entire cerebral 
white matter, sparing the corpus callosum, variably 
sparing the U fibers (Fig. 41.2). The combination of 
diffuse mild and multifocal more serious cerebral 
white matter abnormalities is unique. In addition, sig- 
nal abnormalities maybe seen in the posterior limb of 
the internal capsule, hilus of the dentate nucleus, the 
dentate nucleus, and pontine tegmentum (Figs. 41.1- 
41.3). The cerebellar white matter is spared. These ab- 
normalities are also seen in well-treated patients who 
have never experienced a metabolic crisis and who 
are clinically normal. The striking discrepancy be- 
tween the serious white matter abnormalities on MRI 
and the lack of clinical findings in these patients is 
unexplained. This observation excludes demyelina- 
tion as histopathological basis. 
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Fig. 41 .1 . This 4-year-old girl with HMG-CoA lyase deficiency addition, mild signal changes are present in the basal ganglia, 

experienced serious hypoglycemia in the neonatal period. She thalami, and dentate nuclei. The cerebral white matter is dif- 

is severely retarded and has a visual impairment and micro- fusely abnormal. The corpus callosum is spared. From van der 

cephaly. MRI shows damage of the parieto-occipital white and Knaap et al. (1 998), with permission 
gray matter, as may occur after neonatal hypoglycemia. In 
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Fig. 41 .2. The 1 0-year-old sister of the patient in Fig. 41 .1 also 
has HMG-CoA lyase deficiency, but never developed symp- 
toms of the disease. She was diagnosed after the diagnosis 
was established in her sister. The T 2 -weighted images show 
diffuse mild signal changes in the cerebral white matter with 
additional spots of more prominent signal abnormality. The 



T]-weighted images only show the areas of more prominent 
signal abnormality; the diffuse signal changes are difficult to 
see.The corpus callosum is not involved. Signal abnormalities 
are also seen in the dentate nucleus and the hilus of the den- 
tate nucleus. From van der Knaap et al. (1 998), with permission 
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Fig. 41 .3. A 6-year-old boy with HMG-CoA lyase deficiency. He 
had two episodes of hypoglycemia and lethargy in his third 
year of life, but his condition was never serious. His intelligence 
and neurological examination are normal. MRI reveals diffuse 
signal changes in the cerebral white matter, sparing the U 
fibers, with multiple foci of more prominent signal abnormali- 



ty. These spots are also seen on the IR images {upper row, left). 
Slight signal changes are seen in the posterior limb of the in- 
ternal capsule, thalami, pontine tegmentum, dentate nucleus, 
and outflow tract of the dentate nucleus. From van der Knaap 
etal. (1998), with permission 



Chapter 42 

Canavan Disease 



42.1 Clinical Features 

and Laboratory Investigations 

Canavan disease (CD) is a rare hereditary neurologi- 
cal disorder affecting infants and children. The dis- 
ease is also called spongy degeneration of the CNS of 
the Van Bogaert-Bertrand type. CD has an autosomal 
recessive mode of inheritance. It is most frequently 
found in children of Jewish Ashkenazi origin. 

The infantile form of CD is the most common. The 
patients appear normal at birth and the initial stages 
of development are normal. The disease usually 
becomes apparent within the first 6 months of life. 
Early signs include hypotonia with poor head control, 
decreased motor activity, irritability, visual loss, poor 
sucking ability, and accelerated skull growth. An ab- 
normal increase in skull growth results in macro - 
cephaly in most of the patients. Failure of develop- 
mental progress and regression occur. Gradually, hy- 
potonia of arms and legs is replaced by spasticity and 
tonic extensor spasms may occur. Axial hypotonia 
persists. Blindness with coarse nystagmoid eye move- 
ments and pale optic discs at funduscopy become 
evident. Occasionally sensorineural hearing loss is 
noted. Choreoathetosis, dystonia, and tonic or my- 
oclonic seizures occur in some patients. Eventually a 
chronic vegetative state with decerebrate or decorti- 
cate rigidity appears. Autonomic crises may occur 
with episodically increased vasomotor responses, dis- 
turbed temperature regulation, and vomiting. The 
patients generally die before the age of 4 years. How- 
ever, a considerable number of patient have a more 
protracted course with a life expectancy beyond 10 
years, even into the third decade. 

In the uncommon congenital variant, children may 
appear normal at birth or may be in a poor condition. 
During the first few days after birth, inactivity and 
lethargy become manifest. The children cry frequent- 
ly and exhibit difficulties in sucking and swallowing. 
They are hypotonic. They die within a few days or 
weeks. 

A separate juvenile variant of CD has been distin- 
guished with normal development for several years. 
Occasionally, children with CD may achieve more de- 
velopmental milestones than usual and may even 
achieve walking; they may have a highly protracted 
course of disease and live longer than expected; but 
an entirely normal development for several years has 
never been documented in patients in whom the 



diagnosis of CD was proven with biochemical or DNA 
techniques, and the existence of a truly juvenile vari- 
ant is doubtful. 

Laboratory investigations in CD are diagnostic. An 
increased concentration of JV-acetylaspartic acid is 
found in urine and plasma. CSF protein is sometimes 
raised. EEG is diffusely slow with paroxysmal fea- 
tures. Evoked potentials are delayed or absent. Nerve 
conduction velocity is normal. Decreased activity of 
the enzyme aspartoacylase is found in cultured 
fibroblasts. Carrier detection on the basis of enzyme 
assessment is a problem because of large overlap be- 
tween activities found in carriers and controls. Prena- 
tal diagnosis by assessment of enzyme activity in am- 
niocytes and chorionic cells is unreliable owing to the 
low levels of aspartoacylase in these cells. Assessment 
of the level of JV-acetylaspartate in amniotic fluid is 
more reliable. Prenatal diagnosis is also possible 
using DNA techniques. 



42.2 Pathology 

The brain is abnormally enlarged in CD. Otherwise 
the external appearance of the cerebral gyri, cerebel- 
lum, and brain stem are normal. On sectioning, an ill- 
defined demarcation between cortex and white mat- 
ter is seen in all parts of the cerebral and cerebellar 
hemispheres. The deeper cortex and subcortical 
white matter are edematous and soft. Cavitation of 
the affected white matter is only seen in advanced 
stages of the disease. During the first few years, the 
ventricles are slightly narrowed. Thereafter, they 
gradually increase in size as a result of increasingly 
severe loss of white matter. 

Histological examination shows vacuolation with 
the presence of innumerable minor vacuoles, most 
striking in the subcortical cerebral white matter and 
in the deep layers of the cortex, giving the affected 
areas a spongy appearance. The periventricular white 
matter is better preserved. No substances can be 
demonstrated within the vacuoles. Myelin degenera- 
tion is present in a distribution that closely follows 
the status spongiosus. Thus, moderate to severe loss 
of myelin is seen in the subcortical areas, whereas the 
periventricular white matter, corpus callosum, inter- 
nal capsule, and fornix are less severely vacuolated 
and their myelin content is better preserved. In the 
areas of severe myelin loss axons and oligodendro- 
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cytes are largely intact. Myelin vacuolation and loss is 
accompanied by astrogliosis. Myelin breakdown 
products are scarce; some sudanophilic lipids may be 
present in macrophages. Cortical neurons are normal 
in number and appearance, while intracortical myelin 
is lost. Within the cortex, there is a marked prolifera- 
tion of swollen astroglia with the morphologic fea- 
tures of Alzheimer type II cells. Their nuclei are 
abnormally large, variably shaped, with unevenly dis- 
persed nuclear chromatin, which tends to accumulate 
near the nuclear membrane. The cytoplasm is swollen 
and watery. These cells are also seen in the subcorti- 
cal white matter, but they do not prevail in other areas 
of vacuolated white matter. 

On electron microscopy, the vacuoles observed in 
the white matter appear to be formed as a result of 
separation of myelin lamellae with intramyelinic vac- 
uole formation. Splitting of the myelin lamellae 
occurs at the intraperiod lines, where external sur- 
faces of the original oligodendroglial membrane were 
closely apposed in the formation of the myelin 
sheath. The swollen astrocytes with enlarged nuclei 
and watery cytoplasm contribute to the vacuolated 
aspect, in particular within the cortex. On electron 
microscopy these cells are shown to contain abnor- 
mal, enormously elongated mitochondria. 

Sponginess is also present in the globus pallidus, 
thalamus, and hypothalamus, whereas caudate nucle- 
us and in particular putamen tend to be better pre- 
served. Alzheimer type II cells are present in the basal 
ganglia. 

Within the cerebellum the most severe vacuolation 
is seen in the Purkinje cell layer, the deeper areas of 
the granule cell layer, and the subcortical white mat- 
ter. Purkinje cells and granule cells are well preserved. 
Myelin loss is accompanied by astrocytosis,but axons 
are spared. The deep white matter of the cerebellum is 
better preserved. Vacuolation is present in the dentate 
nucleus, but nerve cells are intact. 

Vacuolation, demyelination, and astrocytosis are 
present in the midbrain, pons, medulla, and spinal 
cord, both in descending and ascending tracts. How- 
ever, the involvement of brain stem and spinal cord is 
variable in severity. Cranial nerve nuclei, other brain 
stem nuclei, and spinal cord gray matter also show a 
variable degree of vacuolation. The optic nerve, con- 
taining CNS myelin, is involved in the process. The 
other cranial nerves, the spinal roots, and the periph- 
eral nerves are normal. 

In protracted infantile patients, who survive for a 
relatively long time, the lateral ventricles are marked- 
ly dilated as a result of severe loss of white matter tis- 
sue. Myelin is now also lost in the deep white matter. 
In addition, neuronal loss is severe, and vacuolation is 
seen in all layers of the cortex. 



In the congenital variant the sponginess is most se- 
vere in the cerebellum and brain stem, which are the 
parts with the highest myelin content at that time. 



42.3 Chemical Pathology 

In CD, chemical abnormalities in the brain are limit- 
ed to the white matter; the chemical composition of 
the gray matter is near-normal. The most prominent 
white matter abnormalities are its increased content 
of water and JV-acetylaspartate. Electrolyte analyses 
show that the composition of the excess fluid in the 
brain is similar to that of plasma ultrafiltrate. There is 
a drastic decrease in myelin lipids and protein as 
manifestations of the severe myelin loss. There is a 
marked decrease of galactolipids and a relatively 
smaller decrease in cholesterol and total phospho- 
lipids. No cholesterol esters are detected in the white 
matter. 

The composition of myelin is altered. Cholesterol 
is increased, and phospholipids are decreased, espe- 
cially ethanolamine phosphoglycerides. Galactolipids 
are severely diminished, cerebroside more so than 
sulfatide. The total ganglioside concentration is nor- 
mal. 

This abnormal pattern of white matter and myelin 
composition is also seen in several other diseases and 
is probably a result of nonspecific destruction of 
myelin. 



42.4 Pathogenetic Considerations 

CD is caused by a deficiency of aspartoacylase. The 
gene for aspartoacylase, ASPA, is located on the short 
arm of chromosome 17 ( 1 7pl 3 -ter). Numerous differ- 
ent mutations have been described. Homozygosity for 
one particular mutation (Glu285Ala) is responsible 
for most Ashkenazi Jewish cases. In non-Jewish pa- 
tients the mutations are different and more diverse. 
There is no evident correlation between genotype 
and phenotype. Siblings homozygous for the same 
mutation can have a very different course of disease 
and life span. 

JV-acetylaspartate is synthesized from acetyl-CoA 
and aspartate by L-aspartate-JV-acetyl transferase. 
This reaction occurs exclusively in neurons of the 
CNS. AT-acetylaspartate is metabolized to aspartate 
and acetate by aspartoacylase. Aspartoacylase is ex- 
clusively located in oligodendroglia. In deficiency of 
aspartoacylase AT-acetylaspartate concentrations in 
the brain are elevated and the substance is excreted in 
large amounts in the urine. 
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The brain is the only organ in which the biosynthe- 
sis of AT-acetylaspartate has been demonstrated. Its 
concentration in the brain is very high, and it is high- 
er in gray than in white matter. JV-acetylaspartate is 
second to glutamic acid in its abundance in the hu- 
man brain. It has been shown that N-acetylaspartate 
is mainly or exclusively localized in neurons. To date, 
the functional role of this compound has not been 
elucidated. Some suggest it is involved in neurotrans- 
mission. The high concentration of JV-acetylaspartate 
in neurons may be a form of chemical compartmen- 
tation serving neurotransmission. JV-acetylaspartate 
is converted to aspartate and has been implicated in 
the formation of glutamate. It has been found that not 
only AT-acetylaspartate but also AT-acetylaspartylglu- 
tamate is elevated. Both aspartate and glutamate are 
excitatory neurotransmitters. N-acetylaspartylgluta- 
mate may be the storage form of glutamate. JV-acety- 
laspartylglutamate may also by itself interfere with 
neurotransmitter receptors. Another suggestion is 
that AT-acetylaspartate may act as an osmolyte and 
that its lack of hydrolysis leads to accumulation of 
water in brain cells. AT-acetylaspartate may function 
as a molecular water pump in myelinated neurons. It 
has also been proposed that JV-acetylaspartate is an 
acetyl group donor in the synthesis of brain lipids, 
including myelin lipids. In particular, the substance 
would be important in the formation of cerebronic 
acid, which is a precursor of ceramide, which in turn 
is a constituent of sulfatide and cerebroside. Some 
others suggest A/-acetylaspartate is important in pro- 
tein synthesis. 

The relationship between accumulation of N- 
acetylaspartate and myelin vacuolation and forma- 
tion of abnormal astrocytes has not been elucidated. 
Those who suggest that the substance is essential for 
the normal synthesis of myelin lipids explain the 
myelin abnormality by faulty formation of one of its 
constituents. However, the chemical composition of 
myelin in CD shows only nonspecific abnormalities 
related to the myelin breakdown process and no spe- 
cific deficiencies of any of its components. Others 
suggest that accumulation of N-acetylaspartate may 
have toxic effects leading to myelin splitting. In this 
respect, the comparison to hexachlorophene intoxica- 
tion and triethyltin intoxication is important, as both 
conditions are characterized by myelin splitting, vac- 
uolation, and loss, and presence of Alzheimer type II 
cells with abnormal mitochondria, as is the case in 
CD. Hexachlorophene and triethyltin both interfere 
with mitochondrial oxidative phosphorylation. AT- 
acetylaspartate is synthesized in mitochondria and if 
this substance accumulates, its toxic effects may well 
be mainly exerted in these organelles. However, the 
relationship between possible mitochondrial dys- 
function and myelin vacuolation is unclear. De Coo et 
al. (1991) could not find evidence of mitochondrial 



dysfunction, in contrast to earlier studies in which 
abnormalities in mitochondrial Na + /K + -ATPase had 
been reported (Adachi et al. 1966, 1972). Those who 
believe that AT-acetylaspartate is a molecular water 
pump and has an important role in osmoregulation 
hypothesize that the myelin vacuolation and other 
pathological changes are the consequence of continu- 
ous increased hydrostatic pressure. 



42.5 Therapy 

At present there is no specific therapy for CD patients. 
Seizures need to be controlled. Gene therapy has been 
attempted. Clinical results have so far not been im- 
pressive and at most some transient beneficial effects 
have occurred. Prolonged follow-up is not yet avail- 
able. 



42.6 Magnetic Resonance Imaging 

CT shows diffuse hypodensity of the white matter of 
cerebral hemispheres and cerebellum. Involvement of 
the globus pallidus with sparing of caudate nucleus 
and putamen is usually seen. 

In infants with CD, diffuse cerebral white matter 
changes are seen (Figs. 42.1 and 42.2). In older pa- 
tients with CD, MRI shows that the most severe 
abnormalities are present in the subcortical white 
matter of the cerebrum and cerebellum (Fig. 42.3). 
Central white matter structures, such as the periven- 
tricular rim of white matter, internal capsule, and cor- 
pus callosum are better preserved (Fig. 42.3). As the 
disease progresses, the central white matter also be- 
comes involved (Fig. 42.4). Thus, the spread of the 
white matter changes is centripetal. The white matter 
abnormalities are confluent and symmetrical in dis- 
tribution. The subcortical white matter has a mildly 
swollen aspect, broadening the gyri. Over time, white 



Fig. 42.1 . A 4-month-old male infant with CD. Note the diffuse 
signal abnormality of the cerebral and cerebellar white matter 
on the T 2 -weighted images {first three rows). The globus pal- 
lidus and thalamus are involved, but the putamen and caudate 
nucleus are spared.The posterior limb of the internal capsule 
and brain stem are also abnormal. The FLAIR image {fourth 
row, left) demonstrates that the peripheral cerebral white mat- 
ter has a high water content with a low signal intensity as com- 
pared to the central white matter. On the trace diffusion- 
weighted image (b = 1000; fourth row, middle) the central 
white matter (posterior limb of the internal capsule and the 
optic radiation) has a high signal, whereas the same structures 
have a low ADC in the range of 45-70 on the ADC map {fourth 
row, right), indicative of restricted diffusion in these regions 
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Fig. 42.1. 
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Fig. 42.2. 
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Fig. 42.3. A 21 -month-old boy with CD.TheseT 2 -weighted im- 
ages show the involvement of the subcortical white matter, 
globus pallidus, and, to a lesser extent, the thalamus.The cen- 
tral white matter structures, including the corpus callosum, 



periventricular white matter, and posterior limb of the internal 
capsule, are spared. The midbrain is diffusely abnormal. From 
Meyding-Lamade and Sartor (1993), with permission 




Fig. 42.4. A 32-month-old child with CD. These T 2 -weighted 
images show there is now involvement of all white matter 
structures, including corpus callosum and periventricular 
white matter. The globus pallidus and thalamus are involved 



bilaterally, whereas the putamen and caudate nucleus are 
spared.The brain stem contains signal abnormalities.There are 
signs of diffuse atrophy. From Kendall (1992), with permission 



Fig. 42.2. The same boy with CD as in Fig. 42.1, now 12 
months old. The pattern of abnormalities on theT 2 -weighted 
images {first three rows) is essentially unchanged. The FLAIR 
image {fourth row, left) shows further white matter rarefaction 
with a lower signal of the cerebral white matter throughout. 
The trace diffusion-weighted image (b = 1000; fourth row, 
middle) shows that large parts of the cerebral white matter 
now have a low signal, whereas they have a high ADC in the 
range of 1 30-200 on the ADC map {fourth row, right), indicative 
of increased diffusion 



matter atrophy occurs with marked dilatation of the 
lateral ventricles and to a lesser extent the subarach- 
noid spaces (Figs. 42.4 and 42.5). Bilateral involve- 
ment of the globus pallidus is seen and involvement 
of the thalamus often present (Figs. 42.1-42.4). The 
resulting image with sparing of putamen and caudate 
nucleus is very typical of CD. Brain stem tracts are in- 
volved as a rule (Figs. 42.1-42.5). The cerebellar white 
matter may also be affected. Over time, brain stem 
and cerebellar atrophy ensues (Fig. 42.5). 

Diffusion-weighted imaging shows restricted dif- 
fusion with low ADC values early in the course of the 
disease (Fig. 42.1), whereas increased diffusion and 
high ACD values are found later in the course of the 
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Fig. 42.5. A 1 9-year-old boy with CD. There is impressive cerebral and cerebellar atrophy. The images still show that the remain- 
ing cerebral white matter is abnormal, but they no longer display the features characteristic of CD 



disease (Fig. 42.2). The explanation is probably to be 
found in the myelin vacuolation, which leads to re- 
stricting of the extracellular space in the early stages, 
whereas in the chronic stage destruction of the white 
matter matrix leads to increased size of the extracel- 
lular space. Similar observations have been done in 
maple syrup urine disease, a disease also character- 
ized by myelin vacuolation. 

Proton MRS of the brain in CD patients reveals a 
relatively high JV-acetylaspartate resonance. The in- 
crease may only be relative in comparison with the 
concentration of the other metabolites, although in- 
crease in absolute values has also been reported. Lac- 
tate may be elevated. Choline is as a rule decreased. 
The decrease in choline suggests a component of 
hypomyelination rather than active myelin loss. 

Zafeiriou et al. (1999) have reported MRI findings 
in two siblings with a mild and protracted course of 
disease. The diagnosis was confirmed by finding ele- 
vated AT-acetylaspartate in urine and deficiency of 
aspartoacylase in cultured fibroblasts. MRI of the 



brain (Fig. 42.6) revealed signal abnormalities limited 
to the U fibers, whereas the periventricular and deep 
white matter had a normal signal. In addition, signal 
abnormalities were seen in the caudate nucleus, thal- 
amus, and capsule between globus pallidus and puta- 
men. There were signal abnormalities in the external 
and extreme capsules. The rest of the putamen ap- 
peared to have a normal signal. The tegmentum of the 
pons, hilus of the dentate nucleus, and dentate nucle- 
us were also involved. Thus, the pattern is very simi- 
lar to the pattern described above for classical CD, the 
main difference being the fact that the cerebral white 
matter abnormalities were much more limited in 
extent and affected the U fibers only. 

Two unusual patients with elevated urinary JV- 
acetylaspartate and aspartoacylase deficiency in 
fibroblasts were reported by Toft et al. (1993). The 
clinical disease was much milder than in the usual 
form of CD, with normocephaly, epilepsy, and mild 
psychomotor retardation without regression at any 
time up to the age of 6 years. MR images showed sub- 
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Fig. 42.6. A 4-year-old female patient with a mild variant of 
CD. The U fibers are diffusely abnormal, whereas the central 
cerebral white matter is normal.The thalamus, head of the cau- 
date nucleus, external capsule, and capsule between globus 



pallidus and putamen have an abnormal signal. In addition, 
signal abnormalities are present in the dentate nucleus and 
hilus of the dentate nucleus. Subtle signal changes are seen in 
the brain stem. From Zafeiriou et al. (1 999), with permission 



tie subcortical white matter changes in one patient, 
whereas the white matter was normal in the other pa- 
tient. Signal abnormalities were seen in globus pal- 
lidus, putamen, and caudate nucleus. Proton MRS did 
not reveal an elevation of AT-acetylaspartate, which is 
highly unusual for CD. It is important to recognize 
that the assessment of aspartoacylase activity is diffi- 
cult and not always reliable. Unfortunately, the diag- 
nosis was not confirmed by demonstration of muta- 
tions in the ASPA gene. 



The differential diagnosis of diffusely swollen 
white matter changes includes mainly late onset vari- 
ants of maple syrup urine disease, Alexander disease, 
congenital muscular dystrophy, and megalencephalic 
leuko encephalopathy with subcortical cysts. In the 
presence of lesions of the globus pallidus with preser- 
vation of the caudate nucleus and putamen, the im- 
ages are highly suggestive of CD, but maple syrup 
urine disease should be excluded by appropriate bio- 
chemical tests. 



Chapter 43 

L-2-Hydroxyglutaric Aciduria 



43.1 Clinical Features 

and Laboratory Investigations 

L-2-Hydroxyglutaric aciduria is a rare neurometabol- 
ic disorder with autosomal recessive inheritance. The 
children are initially normal. In the second year of life 
a delay in unsupported walking, abnormal gait, 
speech delay, or febrile convulsions form the present- 
ing symptoms in most cases. In other patients no ab- 
normalities are noted until learning disabilities be- 
come apparent during early school years. Over the 
years slowly progressive neurological dysfunction is 
noted, characterized predominantly by cerebellar 
ataxia with nystagmus, dysarthria, head titubation, 
trunk ataxia, dysmetria, and intention tremor. Slow 
intellectual decline is noted in all patients. Frequently 
noted abnormalities are extrapyramidal signs such 
as dystonia and choreoathetosis, pyramidal signs, 
pseudobulbar signs, myoclonus, and macrocephaly. 
Seizures occur in the majority of the patients, espe- 
cially in the context of fever. In some patients stable 
mental retardation is the only manifestation for years 
and the slowly progressive decline of motor and cog- 
nitive functions only starts in adolescence or adult- 
hood. There is increasing evidence that patients with 
L-2-hydroxyglutaric aciduria have an increased risk 
of CNS malignancies of various types. 

Laboratory investigations reveal elevated urinary 
excretion of L-2-hydroxyglutaric acid; plasma and 
CSF levels are also increased. Lysine levels in urine, 
plasma, and CSF may also be elevated. Prenatal diag- 
nosis is possible by assessment of the L-2-hydroxyglu- 
taric acid concentration in the amniotic fluid. 



43.2 Pathology 

Only a few descriptions of brain pathology are avail- 
able. In 1994, Larnaout et al. described diffuse de- 
myelination, spongiosis, and cystic cavitation of the 
cerebral white matter in a patient who died at the age 
of 30 years. The abnormalities were most pronounced 
in the subcortical region, in the axis of cerebral con- 
volutions. In the cerebellum, loss of granule cells and 
Purkinje cells and moderate pallor of the white mat- 
ter were noted. The dentate nucleus and globus pal- 
lidus showed marked cell loss and severe spongiosis. 
The putamen and caudate nucleus were less severely 
affected. Myelin was normal in the corpus callosum, 



genu of the internal capsule, optic tracts, and optic 
radiations. Cerebral cortex, thalamus, brain stem, and 
spinal cord were normal. 



43.3 Pathogenetic Considerations 

L-2-hydroxyglutaric aciduria is caused by a deficiency 
of an FAD-linked, membrane-bound mitochondrial 
enzyme, L-2-hydroxyglutarate dehydrogenase, that 
catalyzes the oxidation of L-2-hydroxyglutarate to 
a-ketoglutarate. The gene encoding this enzyme, 
C14orfl60, also called DURANIN, is located on chro- 
mosome 14q22.1. Elevated levels of L-2-hydroxyglu- 
tarate are probably toxic for the CNS. The elevations 
of lysine in blood and CSF may be secondary rather 
than primary, as lysine loading appears to have no ef- 
fect on the level of L-2-hydroxyglutaric acid in blood. 
Two patients have been reported with neonatal- 
onset encephalopathy, early death, and elevated l-2- 
hydroxyglutaric acid as well as lactate (Chen et al. 
1996; Barth et al. 1998). It is likely that these patients 
had another, unrelated metabolic disease. 



43.4 Therapy 

Treatment is entirely symptomatic. 

43.5 Magnetic Resonance Imaging 

MRI in patients with L-2-hydroxyglutaric aciduria 
shows a highly characteristic and consistent pattern. 
The abnormalities begin within the subcortical white 
matter with multiple foci of high signal intensity on 
T 2 -weighted images (Figs. 43.1 and 43.2). The lesions 
have a tendency to become confluent, first in the 
frontoparietal region (Fig. 43.1), later involving all 
subcortical white matter in a confluent manner 
(Figs. 43.2 and 43.3). In relatively mildly affected pa- 
tients, the abnormalities remain multifocal and con- 
fined to the U fibers, whereas in patients with more 
serious neurological handicap, the cerebral white 
matter is more diffusely involved, although a rim of 
periventricular tissue remains spared. The white mat- 
ter abnormalities are mildly swollen with some 
broadening of the gyri (Figs. 43.1-43.3). The aspect of 
swollen white matter changes is related to the spongi- 
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Fig. 43.1. A 12-year-old girl who has L-2-hydroxyglutaric 
aciduria, showing the involvement of subcortical white matter 
and the sparing of the central white matter including the cor- 
pus callosum. The subcortical lesions are partly multifocal, 



partly confluent. Lesions are present in central gray matter 
structures, most prominently the globus pallidus and dentate 
nucleus. The sagittal image shows that part of the inferior 
vermis is absent 



form nature of the leukoencephalopathy at histo- 
pathology. Diffusion-weighted MRI has revealed a 
high ADC and low signal on diffusion-weighted 
images in the abnormal white matter, consistent with 
increased freedom of water movements. Centrally 
located white matter structures, including periven- 
tricular white matter, corpus callosum, internal cap- 



sule, and brain stem, are spared, although the internal 
capsule is involved in some cases. The lateral ventri- 
cles become slightly enlarged. In addition to the white 
matter abnormalities, changes in signal intensity are 
typically seen in the globus pallidus, caudate nucleus, 
and putamen (Fig. 43.1). The globus pallidus is usual- 
ly most severely involved. The caudate nucleus may be 
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Fig. 43.2. MR images of a 1 0-year-old boy with L-2-hydroxyg- 
lutaric aciduria, showing confluent involvement of the subcor- 
tical white matter, which is also mildly swollen. The central 



white matter structures are spared, which is nicely shown by 
theTVweighted image 



atrophic. The cerebellar vermis becomes highly 
atrophic (Fig. 43.3). The cerebellar hemispheres are 
also atrophic, but less severely. In the dentate nucleus 
a change in signal intensity is present (Figs. 43.1- 
43.3). The cerebellar white matter is most often nor- 
mal. 



The pattern of symmetrical abnormalities with 
supratentorial subcortical white matter lesions, in- 
fratentorial atrophy of the cerebellum (vermis more 
than hemispheres), and lesions in both dentate nuclei 
is reminiscent of the patterns seen in Kearns-Sayre 
syndrome and Canavan disease. In both of the latter 
disorders brain stem involvement is as a rule present. 
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Fig. 43.3. The T 2 -weighted images of a 25-year-old female the dentate nucleus has disappeared. What remains of the 

patient with L-2-hydroxyglutaric aciduria show involvement of basal ganglia has a mildly abnormal signal. The cerebellum is 

all subcortical and deep cerebral white matter with sparing of highly atrophic. Courtesy of Dr. N. Giffin, Royal United Hospital 

a thin periventricular rim. The basal ganglia are atrophic and Bath, Bath, United Kingdom 



Chapter 44 

D-2-Hydroxyglutaric Aciduria 



44.1 Clinical Features 

and Laboratory Investigations 

D-2-Hydroxyglutaric aciduria is a rare neurometabol- 
ic disorder with autosomal recessive inheritance. Two 
different variants are distinguished: a severe variant 
and a mild variant. The two variants have never been 
observed within the same family. 

Severe D-2-hydroxyglutaric aciduria results in neo- 
natal- or early-infantile-onset encephalopathy with 
serious epilepsy, hypotonia, visual failure, and no or 
little development. The infants are often irritable and 
lethargic. Episodic vomiting may be present. Inspira- 
tory stridor, dyspnea, and apnea may occur. Further 
signs may be spasticity, chorea, or dystonia. Both 
macro cephaly and microcephaly may occur. Many 
patients have signs of cardiomyopathy. Hepatomegaly 
is of rare occurrence. Signs of mild facial dysmor- 
phism consisting of a flat face with a broad nasal 
bridge and external ear anomalies are frequent. Early 
death may occur, but the patients may also survive 
with severe developmental delay and epilepsy. 

Mild D-2-hydroxyglutaric aciduria is clinically 
much more variable. Hypotonia, developmental 
delay of variable severity, and epilepsy are the most 
frequent signs of the disease. Macrocephaly may 
be present. Multiple cerebral infarctions associated 
with acute-onset neurological signs have been report- 
ed in one patient with D-2-hydroxyglutaric aciduria 
and no identifiable known vascular risk factors 
(van der Knaap et al. 1999b). Cardiomyopathy has 
been observed in few patients. However, some pa- 
tients have no clinical problems that can be related to 
the D-2-hydroxyglutaric aciduria. These patients are 
detected in the course of screening for D-2-hydroxy- 
glutaric aciduria in a family with a symptomatic 
child. 

Laboratory investigations reveal elevated urinary 
excretion of D-2-hydroxyglutaric acid; plasma and 
CSF levels are also increased. The urinary organic 
acid profile often shows elevated excretion of 2-keto- 
glutarate, sometimes accompanied by elevated excre- 
tion of other citric acid cycle intermediates and lac- 
tate. Nonketotic dicarboxylic aciduria is observed in 
some patients. Prenatal diagnosis is possible by as- 
sessment of D-2-hydroxyglutaric acid concentration 
in amniotic fluid. A few patients with the severe phe- 
notype have combined d- and L-2-hydroxyglutaric 
aciduria. It has been suggested that these patients rep- 



resent a separate third variant. Prenatal diagnosis 
may not be reliable in this latter disorder. 



44.2 Pathology 

There is a detailed histopathological description of 
only one patient with a severe phenotype (Eeg-Olofs- 
son et al. 2000). The boy had severe psychomotor re- 
tardation and epilepsy and died at the age of 14 years. 
The middle cerebral arteries showed multiple saccu- 
lar aneurysms. There was diffuse atrophy of the cere- 
bral white matter with marked dilation of the lateral 
ventricles. Microscopy showed loss of myelinated 
fibers and some astrogliosis within the cerebral white 
matter. The cerebral cortex was intact. The basal gan- 
glia and cerebellum showed slight atrophy. Micro- 
scopically, there was some loss of Purkinje cells and a 
reduction of cerebellar white matter. The brain stem 
was intact. 



44.3 Pathogenetic Considerations 

D-2-hydroxyglutaric aciduria is caused by a deficien- 
cy of the mitochondrial enzyme D-2-hydroxyglu- 
tarate dehydrogenase, which converts D-2-hydroxy- 
glutarate into 2-ketoglutarate. The enzyme is encoded 
by a gene with the code name MGC25181, located on 
chromosme 2p25.3. It is not yet known whether defi- 
ciency of this enzyme underlies the disease in all pa- 
tients. 

D-2-hydroxyglutaric acid is a metabolic intermedi- 
ate in a variety of pathways. It is striking that the uri- 
nary organic acid profile often shows elevated excre- 
tion of 2-ketoglutarate. Sometimes the increased uri- 
nary excretion of 2-ketoglutarate is accompanied by 
elevated excretion of other citric acid cycle interme- 
diates. The latter abnormalities probably reflect a sec- 
ondary disturbance of the citric acid cycle and mito- 
chondrial respiratory chain. It has been shown that el- 
evated levels of D-2-hydroxyglutaric acid in brain tis- 
sue lead to strong inhibition of cytochrome-c oxidase 
activity (complex IV) in a dose-dependent manner in 
vitro (da Silva et al. 2002). Secondary respiratory 
chain dysfunction may be important in the patho- 
physiology of the clinical symptomatology in D-2-hy- 
droxyglutaric aciduria. The nonketotic dicarboxylic 
aciduria observed in some patients may reflect a sec- 
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Fig. 44.1. Trweighted {first row) and T 2 -weighted {second 
row) images in a 4-month-old patient with the severe variant 
of D-2-hydroxyglutaric aciduria. The lateral ventricles are 
enlarged, most pronouncedly in the posterior region. The sub- 
arachnoid spaces are also mildly enlarged. Myelination and 



gyration are delayed. The opercula are insufficiently devel- 
oped and the gyri are too coarse for the age of the infant.There 
are large subependymal cysts over the body of the caudate 
nucleus. From van der Knaap et al. (1 999a), with permission 



ondary disturbance of the mitochondrial fatty acid 
P -oxidation. 



44.4 Therapy 

Treatment is entirely symptomatic. 

44.5 Magnetic Resonance Imaging 

In the early-onset severe variant of D-2-hydroxyglu- 
taric aciduria, MRI performed in the first few months 
of life shows signs of delayed cerebral maturation, in- 
cluding delayed myelination and gyration (Fig. 44.1). 
Gyri are insufficiently branched, and in some patients 
focal agyria is found, particularly in the occipital re- 
gion. The sylvian fissure is wide open due to insuffi- 
cient formation of the frontal and temporal opercula 
(Fig. 44.1). The lateral ventricles are usually mildly 



enlarged, mainly in the posterior part. The ventricu- 
lar enlargement is often combined with mildly en- 
larged frontal subarachnoid spaces and frontal sub- 
dural effusions (Figs. 44.1 and 44.2). Secondary sub- 
dural hematomas may occur. Within the first few 
months of life, subependymal germinolytic cysts are 
almost invariably present over the head and corpus of 
the caudate nucleus (Fig. 44.1). They disappear with 
time and are rarely seen after 6 months. Follow-up 
MRI in the second year of life shows more advanced 
gyration, but myelination remains delayed and in 
some patients patchy white matter abnormalities are 
seen (Fig. 44.2). The lateral ventricles may become 
highly enlarged due to white matter atrophy. In one 
patient, multiple aneurysms of the large cerebral ar- 
teries were found (Eeg-Olofsson et al. 2000; Fig. 44.3). 
In the mild variant of D-2-hydroxyglutaric aciduria, 
subependymal cysts and delayed myelination may be 
seen on early MRI. The lateral ventricles and the 
subarachnoid spaces may be mildly dilated. Subdural 
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Fig. 44.2. T 2 -weighted images in a patient with the severe 
variant of D-2-hydroxyglutaric aciduria at the age of 15 
months. Myeli nation is seriously delayed. In addition, there are 
multifocal white matter abnormalities. The lateral ventricles 



and subarachnoid spaces are mildly enlarged. There are small 
subdural effusions. From van der Knaap et al. (1 999b), with per- 
mission 




Fig. 44.3. T 2 -weighted images in a patient with the severe 
variant of D-2-hydroxyglutaric aciduria at the age of 15 years. 
The lateral ventricles are seriously dilated. A focal area of ab- 
normal signal is visible within the cerebral white matter on the 



left. Note the aneurysms in the M2 segment of the middle 
cerebral arteries on both sides. From van der Knaap et al. 
(1999b), with permission 



effusions may be seen. On follow-up, MRI may be 
normal, or it may show deficient myelination or bilat- 
eral multifocal, patchy abnormalities in the cerebral 
white matter or a combination of the two. The ventri- 
cles are often mildly dilated (Fig. 44.4). In one patient, 



multiple infarctions developed in the territories of ic aciduria. 



the major cerebral arteries (van der Knaap et al. 
1999b). 

The imaging findings in patients with combined 
d- and L-2-hydroxyglutaric aciduria are similar to 
those seen in the severe variant of D-2-hydroxyglutar- 
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Fig. 44.4. T 2 -weighted images in a patient with the mild variant of D-2-hydroxyglutaric aciduria at the age of 4 years. There are 
minor abnormal white matter spots.The lateral ventricles are mildly enlarged 



Chapter 45 

Hyperhomocysteinemias 



45.1 Introduction 

Hyperhomocysteinemias are associated with a diver- 
sity of neurological problems, ranging from mental 
retardation or deterioration to signs of subacute com- 
bined degeneration of cord and cerebral infarctions. 

Homocysteine lies at an important branch point of 
sulfur amino acid metabolism. It is formed from me- 
thionine by demethylation. It may either be converted 
to cysteine through the transsulfuration reaction or 
remethylated to form methionine. Remethylation to 
methionine requires methyl donors such as betaine 
or 5-methyltetrahydrofolate. The metabolism of ho- 
mocysteine requires folate and cobalamin (vitamin 
B 12 ) (Fig. 45.1). Consequently, a number of defects 
may underlie hyperhomocysteinemia: a defect in the 
transsulfuration pathway, a defect in cobalamin me- 
tabolism, and a defect in folate metabolism. 



The most common defect of the transsulfuration 
pathway and the most frequent cause of severe hyper- 
homocysteinemia is a deficiency of cystathionine 0- 
synthase. This enzyme normally catalyzes the conver- 
sion of homocysteine to cystathionine, which is con- 
verted to cysteine. 

5,10-Methylenetetrahydrofolate reductase defi- 
ciency is the most common defect of folate metabo- 
lism. This enzyme deficiency leads to a lack of 5- 
methyltetrahydrofolate, a cosubstrate for the methio- 
nine synthase reaction, which in turn leads to an im- 
pairment of the remethylation of homocysteine to 
methionine. 

So-called mild hyperhomocysteinemia, both in the 
fasting state and after methionine loading, can be the 
consequence of heterozygosity for cystathionine p- 
synthase deficiency. Heterozygosity for 5,10-methyl- 
enetetrahydrofolate reductase deficiency does not 
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Fig. 45.1 . Homocysteine metabolism 
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lead to hyperhomocysteinemia. However, homozy- 
gosity for a mutant form of 5,10-methylenetetrahy- 
drofolate reductase, characterized by thermolability, 
can lead to mild hyperhomocysteinemia. Heterozy- 
gosity for this mutation does not lead to hyperhomo- 
cysteinemia. Compound heterozygosity for the classi- 
cal and the thermolabile mutations of 5,10-methyl- 
enetetrahydrofolate reductase may also lead to mild 
hyperhomocysteinemia. 

Folic acid deficiency leads to a disturbance of the 
folate cycle and, as a consequence, to hyperhomocys- 
teinemia. 

Inborn errors affecting intracellular cobalamin 
metabolism lead to a deficiency of methylcobalamin 
and/or adenosylcobalamin. Methylcobalamin is an 
essential cofactor for methionine synthase, the en- 
zyme catalyzing the conversion of homocysteine to 
methionine. Adenosylcobalamin is a cofactor for 
methylmalonyl-CoA mutase. The inborn errors of 
cobalamin metabolism can be divided into three 
main groups: isolated defects in methylcobalamin 
synthesis, isolated defects in adenosylcobalamin syn- 
thesis, and defects in the synthesis of both methyl- 
cobalamin and adenosylcobalamin. The patients with 
isolated defects in methylcobalamin synthesis can be 
divided into two complementation groups (CblE and 
CblG), which are very similar clinically and biochem- 
ically with the presence of hyperhomocysteinemia. 
Both are characterized by a deficiency of methionine 
synthase, also known as methyltetrahydrofolate: ho- 
mocysteine methyltransferase. Complementation 
group CblG deficiency of methionine synthase is 
caused by mutations in the gene encoding methion- 
ine synthase. In complementation group CblE the 
functional deficiency of methionine synthase is 
caused by a defect in the reductive activation of me- 
thionine synthase due to a defect in methionine syn- 
thase reductase. The patients with isolated defects in 
adenosylcobalamin synthesis can be divided into two 
complementation groups, designated CblA and CblB. 
Biochemically they are characterized by methyl- 
malonic aciduria without hyperhomocysteinemia. As 
hyperhomocysteinemia is not present in these dis- 
eases, they are not discussed in this chapter. Among 
the patients with a defect in the synthesis of methyl- 
cobalamin and adenosylcobalamin, three comple- 
mentation groups can be distinguished, CblC, CblD, 
and CblE Biochemically they are characterized by 
presence of both hyperhomocysteinemia and methyl- 
malonic aciduria. In CblC and CblD, there is a defect 
in cellular metabolism of cobalamin. In CblF there 
appears to be a defect in the process by which cobal- 
amin exits from lysosomes after being taken up by re- 
ceptor-mediated endocytosis. 

Cobalamin cannot be synthesized by the body and 
is dietary in origin. Deficiency leads to a disturbance 
of function of both methionine synthase and methyl - 



malonyl-CoA mutase and consequently to a combina- 
tion of hyperhomocysteinemia and methylmalonic 
aciduria. 



45.2 Clinical Features 

and Laboratory Investigations 

Cystathionine p-synthase deficiency leads to the clas- 
sical clinical picture commonly associated with the 
term "homo cyst inuria." The disease has an autosomal 
recessive inheritance. There is considerable clinical 
variability, even within the same family. Psychomotor 
retardation is often a feature of the disease and be- 
comes evident during the first or second year of life. 
In the course of time, the optic lenses become dislo- 
cated in most patients. Other ophthalmological ab- 
normalities include myopia and, less frequently, glau- 
coma, optic atrophy, retinal abnormalities, and 
cataract. There are often skeletal abnormalities in- 
cluding osteoporosis, scoliosis, arachnodactyly, thin- 
ning and lengthening of the long bones, and other ab- 
normalities in the configuration and maturation of 
the skeleton. The combination of ectopic lenses and 
tall and thin habitus may give the patient a marfanoid 
appearance. Patients often present with signs of pre- 
mature arteriosclerosis and thromboembolism. Vas- 
cular occlusion can occur in any vessel at any age. 
Fifty percent of the untreated patients suffer a cardio- 
vascular incident before the age of 30 years, and cere- 
bral infarction accounts for more than 60 % of these 
incidents. Related neurological problems include 
hemiparesis and other focal neurological signs. In ad- 
dition, generalized dystonia, other extrapyramidal 
movement disturbances, and epilepsy, usually with 
grand mal convulsions, may occur. Behavioral distur- 
bances and personality problems occur in a consider- 
able number of patients. There are no signs of bone 
marrow dysfunction. 

The clinical severity of 5,10-methylenetetrahydro- 
folate reductase deficiency varies greatly from patient 
to patient, even within the same family. The disease 
has an autosomal recessive mode of inheritance. On- 
set of clinical manifestations varies from early infan- 
cy to adulthood. More than half of the patients be- 
come symptomatic during the first year of life. 
Among the most common early clinical manifesta- 
tions are lethargy, epilepsy, hypotonia and severe de- 
velopmental delay, often in combination with micro- 
cephaly. In early-onset disease, early death is not rare 
and can occur during an episode of apnea or may fol- 
low respiratory problems. In older children, a distur- 
bance of gait is a common finding. Neurological ex- 
amination reveals a combination of spasticity and 
sensory disturbances of the legs, consistent with com- 
bined dysfunction of the dorsal columns and pyrami- 
dal tracts of the spinal cord (combined degeneration 



344 Chapter 45 Hyperhomocysteinemias 



of the cord), variably mixed with signs of a peripher- 
al polyneuropathy with weakness and sensory distur- 
bances with a glove -and- stocking distribution. The 
disturbances of postural sense lead to loss of coordi- 
nation. Seizures, psychiatric manifestations, atheto- 
sis, and parkinsonism may occur. There are no signs 
of megaloblastic anemia. Vascular complications are 
not common in patients with 5,10-methylenetetrahy- 
drofolate reductase deficiency, but recurrent cerebral 
infarction and superior sagittal sinus thrombosis 
have been reported. 

Longstanding mild hyperhomocysteinemia relat- 
ed to heterozygosity for cystathionine p -synthase de- 
ficiency and to thermolability of 5,10-methylenete- 
trahydrofolate reductase contributes to premature ar- 
teriosclerosis of small and large vessels, which may 
become manifest with transient ischemic attacks, la- 
cunar infarctions, cerebral infarcts in large arterial 
territories, and spontaneous artery dissection. The 
clinical symptomatology of stroke in these patients 
does not differ from that in cerebrovascular disease of 
any other origin. 

Folate deficiency is one of the most common vita- 
min deficiencies. The major causes are poor dietary 
intake; conditions leading to malabsorption, such as 
steatorrhea and sprue; and treatment with anticon- 
vulsants such as phenytoin or with antifolate drugs 
including methotrexate, trimethoprim, and tri- 
amterene. In an advanced stage, the deficiency can 
cause macrocytic anemia, neutropenia, thrombope- 
nia, or pancytopenia with macrocytosis. Neurological 
complications are exceptional. However, there is evi- 
dence that folate deficiency without cobalamin defi- 
ciency can also cause subacute combined degenera- 
tion of the cord and cerebral abnormalities. Heredi- 
tary congenital folate malabsorption has been de- 
scribed in a small number of patients. These patients 
present at the age of 2-5 months with severe mega- 
loblastic anemia, diarrhea, mouth ulcers, and failure 
to thrive. Most patients show progressive neurologi- 
cal deterioration, with mild to severe mental retarda- 
tion, seizures, peripheral neuropathy, ataxia, and 
athetosis. There is evidence that decreased serum fo- 
late is also an independent risk factor for ischemic 
stroke, probably related to the elevated homocysteine 
levels. 

Inborn errors of cobalamin metabolism are auto- 
somal recessive disorders with a variable clinical pic- 
ture. Most cases become manifest in infancy, but de- 
lay in onset of clinical manifestations to adolescence 
or adulthood has been described. In infancy, the pa- 
tients present with gastrointestinal signs and symp- 
toms (feeding problems, vomiting, atrophic stomati- 
tis, glossitis, alternating diarrhea and constipation, 
and failure to thrive), hematological signs (macrocyt- 
ic anemia, less often thrombopenia, neutropenia, and 
leukopenia), and neurological problems compatible 



with subacute combined degeneration of the cord, 
brain involvement (hypotonia, developmental delay, 
seizures, microcephaly, hydrocephaly), polyneuropa- 
thy, and pigmentary retinopathy. In young children 
neurological manifestations include psychomotor re- 
tardation or regression, lethargy, hypokinesis, hypo- 
tonia, brisk reflexes, ataxia, optic atrophy, and 
seizures. In older children the gastrointestinal prob- 
lems are less prominent and hematological and neu- 
rological problems dominate, with signs of myelo- 
pathy, peripheral neuropathy, tremor, dementia and 
behavioral problems, and, rarely, optic atrophy or 
retinopathy. 

Cobalamin deficiency can be observed in a num- 
ber of conditions. Deficiency due to insufficient di- 
etary intake is rare, but can be observed in strict veg- 
etarians (vegans) and in breast-fed babies of mothers 
who are cobalamin-deficient. Cobalamin in the diet is 
released from protein in the acid environment of the 
stomach. Here it binds to R proteins of gastric and 
salivary origin. Pancreatic proteases digest the R pro- 
teins and liberate cobalamin in the upper small intes- 
tine, where it forms a complex with intrinsic factor, 
synthesized by gastric parietal cells. The newly 
formed complex binds with specific receptors in the 
terminal ileum and is transported into the entero- 
cyte. The complex is dissociated and cobalamin is 
transported into the portal blood bound to trans- 
cobalamin II. Transcobalamin II is the transport pro- 
tein for cobalamin and also facilitates cobalamin up- 
take by tissues. Disturbances of cobalamin uptake 
and transport can arise at all levels. R protein defi- 
ciency as an inherited defect has been described in a 
small number of patients. Intrinsic factor deficiency 
can be caused by deficient synthesis, synthesis of a 
mutant protein with decreased activity, autoimmune 
gastritis with antibodies against parietal cells and in- 
trinsic factor, or gastrectomy. Cobalamin malabsorp- 
tion may be due to defective receptor on the entero- 
cyte, defective receptor internalization, surgical re- 
section of the terminal ileum, inflammatory diseases 
of the ileum (sprue, ulcerative colitis, Crohn disease) 
and transcobalamin II deficiency. Nitrous oxide 
(N 2 0) is a very special cause of deficient cobalamin 
activity. It oxidizes active cobalamin to an inert form. 
Long-term exposure to this anesthetic substance, for- 
merly used in the artificial ventilation of patients 
with tetanus, leads to megaloblastic and aplastic bone 
marrow changes and combined degeneration of the 
spinal cord. Patients with latent cobalamin deficiency 
are exceedingly sensitive to neurological deteriora- 
tion following nitrous oxide anesthesia. 

The clinical signs and symptoms of cobalamin de- 
ficiency usually follow a chronic course and have a de- 
layed onset because of the large cobalamin stores in 
the body. In infants fed on breast milk with a low 
cobalamin content, symptoms are delayed by several 
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Table 45.1 . Laboratory findings in the hyperhomocysteinemias 
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months. The signs and symptoms are hematological 
(macrocytic anemia, usually mild thrombopenia, hy- 
persegmentation of neutrophils, aplastic anemia), 
gastrointestinal (atrophic glossitis, stomatitis, consti- 
pation, diarrhea), and neurological. The neurological 
signs and symptoms usually follow a chronic course, 
but a more or less acute spinal cross-section syn- 
drome does occur. Neurological abnormalities con- 
sist of a progressive spastic paraparesis with ataxia 
due to impairment of postural sense. The arms are 
usually affected later and to a lesser extent than the 
legs. Peripheral neuropathy occurs with progressive 
weakness, loss of reflexes (but plantar reflexes usual- 
ly remain extensor) and distal sensory disturbances. 
Visual problems may occur caused by optic atrophy. 
Mental signs are frequent and range from disturbed 
development in infants to regression and dementia, 
lability, depression, irritability, confusion, psychosis, 
and lethargy in older patients. Affected infants are of- 
ten microcephalic. Epileptic seizures may occur. 

The most important laboratory investigations in- 
clude assessment of the levels of homocysteine, 
methionine, and methylmalonic acid in plasma 
and urine and assessment of hematological abnor- 
malities, in particular megaloblastic anemia (see 
Table 45.1). It is important to note that there may be 
no hematological abnormalities, even in the presence 
of overt neurological abnormalities. In cystathionine 
P-synthetase deficiency, low levels of cystathionine 
and cystine are additional findings. The homocys- 
teine levels are highest in cystathionine p~ synthase 
deficiency, lowest in the so-called mild hyperhomo- 
cysteinemias. Mild hyperhomocysteinemia can be 
detected by performing a methionine loading test or 
by assessment of serum homocysteine levels during 
fasting. The assessment of the CSF level of 5-adeno- 
sylmethionine is of value as a decrease is associated 
with present or imminent demyelination. 

Direct enzyme assessment confirms the diagnosis 
in cystathionine p~ synthase deficiency and 5,10- 
methylenetetrahydrofolate reductase deficiency. The 
enzyme assessment can be performed in liver biopsy 
specimens, cultured fibroblasts, and lymphocytes. 
Serum folate is low in folate deficiency. In case of di- 



etary cobalamin deficiency or deficiency due to gas- 
trointestinal absorption problems, serum cobalamin 
levels may only be slightly or moderately low, despite 
other clinical evidence of important deficiency. Total 
serum cobalamin is normal in transcobalamin II de- 
ficiency, and in CblC, CblD, CblF, CblE, and CblG. Dis- 
turbances of cobalamin absorption can be investigat- 
ed with the Schilling test. This test measures urinary 
excretion of radioactively labeled cobalamin after 
oral administration. If the urinary level is below nor- 
mal, the test is combined with addition of intrinsic 
factor to distinguish between cobalamin deficiency 
caused by lack of intrinsic factor and other causes of 
disturbances of the vitamin absorption. Differentia- 
tion of CblC, CblD, CblF, CblE, and CblG is possible by 
biochemical and complementation studies on cul- 
tured fibroblasts. 

Cystathionine p-synthase activity and 5,10-meth- 
ylenetetrahydrofolate reductase activity can be as- 
sessed in chorionic villi and cultured amniocytes, fa- 
cilitating prenatal diagnosis. Prenatal diagnosis in 
disorders of intracellular cobalamin metabolism can 
be performed on amniocytes or chorionic villus sam- 
ples. In many disorders, a DNA-based prenatal diag- 
nosis is also possible. 

In case of subacute combined degeneration of the 
spinal cord, CSF protein is usually slightly elevated. 
SSEPs show normal or moderately slowed peripheral 
conduction, normal conduction or mild slowing 
across the cervical portion of the median SSEP, and 
absence or severe slowing of impulse propagation 
along the spinal cord with the peroneal SSEP. The 
conduction velocity of peripheral nerves is normal or 
mildly to more markedly reduced. There may be signs 
of denervation. 



45.3 Pathology 

Two types of cerebral pathology are consistently seen 
in severe hyperhomocysteinemias: subacute com- 
bined degeneration of the spinal cord and brain and 
the cerebral consequences of premature vascular dis- 
ease. 
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The vascular changes affect both arterial and ve- 
nous systems. Histologically, the vascular disease is 
characterized by intima and media smooth muscle 
hyperplasia, with fibrosis and thickening of the elas- 
tic lamina. 

Subacute combined degeneration of the spinal 
cord is a demyelinating disorder. The brain is often af- 
fected at the same time. The form the disorder takes, 
both clinically and histopathologically, is strongly in- 
fluenced by the age of the patient, or rather, the 
progress of myelination at the time of onset of dis- 
ease. In early infantile onset, the disease may take the 
form of delayed and disturbed myelination rather 
than demyelination, whereas after completion of 
myelination the classical picture of subacute com- 
bined degeneration of the cord and demyelinating 
brain disease arises. 

Degeneration and demyelination of the spinal 
cord, in particular the dorsal and lateral columns, lent 
the disease its name: subacute combined degenera- 
tion of the cord. The midthoracic segments of the 
cord are mainly involved where a zone of white mat- 
ter destruction may affect the whole cord and not on- 
ly the long tracts. In the upper cervical segments the 
posterior columns are predominantly affected, and at 
the lower lumbar levels predominantly the pyramidal 
tracts. As pathological changes predominate in the 
midthoracic segments, subsequent wallerian degen- 
eration may play a role in the involvement of the as- 
cending tracts in the cervical segments and of the de- 
scending tracts in the lumbar segments. The first 
changes consist of swelling and splitting of myelin 
sheaths, followed by spongiform white matter degen- 
eration and demyelination. Electron microscopy 
shows that the myelin splitting occurs at the intrape- 
riod line. A variable astrocytic reaction is present; 
sometimes it is considerable. 

In the cerebral white matter variable demyelina- 
tion is present. In many cases the demyelinating le- 
sions are small, ill defined, and located perivascularly. 
Their number is variable. They may be scanty or dis- 
seminated over wide areas. Sometimes the cerebral 
white matter changes become extensive and diffuse, 
but the internal capsule and brain stem remain rela- 
tively spared. In occasional cases a predominance of 
subcortical white matter involvement has been men- 
tioned, with the brunt of abnormalities in the white 
matter at the junction of the cortex. The histology of 
the cerebral lesions is similar to that of the spinal 
cord. There is first a fusiform swelling of myelin 
sheaths, myelin splitting, and formation of in- 
tramyelinic vacuoles, followed by demyelination and 
finally also axonal degeneration. The optic nerves are 
often involved in the demyelinating process. The 
basal nuclei including the thalamus may also become 
involved in the process of myelin vacuolation. In 
more extensive white matter disease loss of white 



matter volume occurs with enlargement of ventricles 
and subarachnoid spaces. 

Peripheral nerves show signs of a combination of 
segmental demyelination and axonal degeneration. 

In cystathionine 0- synthase deficiency the main 
pathological findings are arteriosclerosis, arterial 
thromboembolism, and venous thrombosis in chil- 
dren and young adults. Resulting lesions consist of ar- 
terial and venous infarcts. Most often multiple small 
infarcts of different ages are seen, spread over the 
brain. In cystathionine p-synthase deficiency de- 
myelination is rare. In one patient (Chou and Wais- 
man 1965), a vacuolating white matter disease was 
documented, predominantly involving the subcorti- 
cal white cerebral and cerebellar white matter, rela- 
tively sparing the corpus callosum, internal capsule, 
and brain stem. The spinal cord was also involved. In 
one patient a combination of demyelination and ex- 
tensive vascular abnormalities with multiple small 
infarcts was found (Dunn et al. 1966). 

In 5,10-methylenetetrahydrofolate reductase defi- 
ciency vascular pathology is present but less severe 
than in cystathionine p-synthase deficiency and cere- 
bral infarcts are rare. Demyelination of brain and 
spinal cord as described above is the most common 
type of pathology. The findings in folate deficiency 
are similar. 

In the inherited defects in cobalamin metabolism 
and in cobalamin deficiency, spongy demyelination 
in the patterns of subacute combined degeneration of 
cord and demyelinating brain disease is the predomi- 
nant finding. Additional changes are present in arte- 
rioles and capillaries with thickening, fibrosis, and 
hyalination, but cerebral infarctions have not been re- 
ported. 

To date, cerebral infarction is the only type of 
pathology that has been observed in mild hyperho- 
mocysteinemia, in most cases related to heterozygos- 
ity for cystathionine p-synthase deficiency. This ob- 
servation may be biased as children and young adults 
with cerebrovascular accidents are screened for the 
presence of mild hyperhomocysteinemia. Systematic 
data on neuropathological findings in unselected pa- 
tients are not available. 



45.4 Pathogenetic Considerations 

Two types of pathology dominate in the hyperhomo- 
cysteinemias: vascular pathology and myelinopathy. 
The relative contribution to the clinical symptomatol- 
ogy varies by disease. In cystathionine p-synthase 
deficiency, and also in mild hyperhomocysteine- 
mia, vascular pathology dominates, whereas in 5,10- 
methylenetetrahydrofolate reductase deficiency, dis- 
turbances of cobalamin metabolism (CblC, CblD, 
CblF, CblE, and CblG), exogenous folate deficiency, 
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and cobalamin deficiency, the myelinopathy domi- 
nates. 

The pathogenesis of the vascular pathology is only 
partially understood. There is evidence from experi- 
mental animal work and from in vitro research that 
homocysteine damages the vascular endothelium. In- 
jury of arterial and venous vessel walls predisposes to 
early platelet activation and thrombus formation. Ho- 
mocysteine is rapidly auto -oxidized when added to 
plasma, and potent reactive oxygen species, including 
superoxide, hydrogen peroxide, and hydroxyl radi- 
cals, are produced during this process. These reactive 
oxygen species have been implicated in the vascular 
toxicity of hyperhomocysteinemia. Platelet abnor- 
malities and abnormalities in soluble factors involved 
in blood coagulation may contribute to the thrombot- 
ic diathesis. 

Plasma homocysteine levels are highest in cys- 
tathionine p~ synthase deficiency, explaining the high 
incidence of vascular accidents in this disorder. It is 
remarkable, however, that vascular abnormalities and 
vascular accidents occur relatively frequently in the 
mild hyperhomocysteinemias, which have a lower 
level of homocysteine than for instance the inherited 
cobalamin disorders, whereas vascular pathology is 
rare in the latter conditions. The chronicity of elevat- 
ed homocysteine levels before detection and treat- 
ment, in view of the absence of other clinical prob- 
lems in heterozygosity for cystathionine p-synthase 
deficiency, may form part of the explanation. 

Most current evidence points to deficiency of 
S-adenosylmethionine being critical to the develop- 
ment of demyelination. In the human brain S-adeno- 
sylmethionine is the universal methyl group donor, 
acting in a wide variety of biological methylations 
that modify proteins, nucleic acids, fatty acids, 
phospholipids, and polysaccharides. S-adenosyl- 
methionine is necessary for the inactivation of cate- 
cholamines and other biogenic amines. The methyl 
transfer pathway provides precursors for polyamine 
synthesis. A relationship has been found between 
the presence of demyelination and deficiency of 
S-adenosylmethionine in the CSF, whereas remyelina- 
tion under treatment is associated with a return of 
the S-adenosylmethionine level to normal. Addition- 
al evidence comes from animal experimental work, 
in which cycloleucine is used to elicit subacute com- 
bined degeneration of the spinal cord. Cycloleucine 
causes deficiency of S-adenosylmethionine by inhibi- 
tion of methionine adenosyltransferase. The precise 
mechanism by which a deficiency of S-adenosyl- 
methionine would lead to demyelination is not 
known. The failure of methylation of argininei 07 - 
myelin basic protein maybe important in this respect. 
In addition, methyl groups are necessary for synthe- 
sis of choline from ethanolamine, and these methyl 
groups are provided by S-adenosylmethionine. Defi- 



cient synthesis of choline may contribute to the mye- 
linopathy. 

Administration of folic acid in patients with cobal- 
amin deficiency may precipitate or exacerbate de- 
myelination. Folic acid is not active and requires 
conversion to active tetrahydrofolate. This reaction is 
very slow. Folic acid competes with the transport of 
active tetrahydrofolate in the CNS. The resulting de- 
creased availability of tetrahydrofolate for nervous 
tissue is probably the cause of enhanced demyelina- 
tion. 

The folate cycle is not only involved in the re- 
methylation of homocysteine to methionine, a reac- 
tion that is crucial to the synthesis of S-adenosylme- 
thionine, it is also involved in the transfer of methyl 
groups necessary for the synthesis of purines and 
pyrimidines, major constituents of DNA. There is 
general agreement that megaloblastic anemia or pan- 
cytopenia and the defective proliferation of rapidly 
dividing cells with sequelae such as glossitis, intesti- 
nal problems, and hypospermia, are related to impair- 
ment of DNA synthesis due to interference with folate 
metabolism. The main problem with folate metabo- 
lism in the cobalamin disorders (CblC, CblD, CblE, 
CblF, and CblG) and cobalamin deficiency is that 
5-methyltetrahydrofolate is not converted to tetrahy- 
drofolate, whereas the conversion of 5,10-methyl- 
enetetrahydrofolate to 5-methyltetrahydrofolate is ir- 
reversible. This is called the methyl-folate trap. The 
trap leads to deficiency of folate coenzymes derived 
from tetrahydrofolate, necessary in the production of 
purines and pyrimidines. 

In cases of deficiency of folate or cobalamin, or 
in inborn errors of folate or cobalamin metabolism, 
CSF levels of 5 -hydroxy indolacetic acid (5-HIAA) 
and homovanillic acid (HVA), metabolites of sero- 
tonin and dopamine, respectively, are decreased. The 
decrease is independent of the level of S-adenosylme- 
thionine. Why these metabolites are reduced is not 
known. Neurotransmitter disturbances may be re- 
sponsible for the frequently observed extrapyramidal 
movement abnormalities, epilepsy, and changes in 
mood and personality. 

The gene encoding cystathionine p-synthase, CBS, 
is located on chromosome 21q22.3. Different muta- 
tions have been described. Cystathionine p-synthase 
requires pyridoxal phosphate (vitamin B 6 ) as a cofac- 
tor. In the case of a mutation, there is either no resid- 
ual enzyme activity, reduced activity and normal 
affinity for the cofactor, or reduced activity and re- 
duced affinity for pyridoxal phosphate. The vitamin- 
B 6 -responsive patients do better in all aspects of the 
disease than nonresponsive patients, even if both 
groups are untreated. They have a higher IQ and all 
other manifestations of the disease occur later. 

The gene for 5,10-methylenetetrahydrofolate re- 
ductase, MTHFR, is located on chromosome lp36.3. 
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Many different mutations have been described. Ther- 
molability of the enzyme is due to a C^T substitution 
at position 677 of the gene. Homozygosity for this 
mutation is associated with mild hyperhomocys- 
teinemia. The 677T^C allele has a high prevalence 
(30-40%) in most populations, but varies greatly in 
different ethnic groups. About 10% of Caucasians are 
homozygous, but in populations of African descent 
the prevalence is 0-2%, whereas in Asians it is about 
20%. 

Functional deficiency of methionine synthase is 
caused either by mutations in the gene encoding me- 
thionine synthase, MTR (complementation group 
cblG), or in the gene encoding methionine synthase 
reductase, MTRR, leading to a defect in the reductive 
activation of methionine synthase (complementation 
group cblE). 

Among the patients with a defect in the synthesis 
of both methylcobalamin and adenosylcobalamin 
three complementation groups are distinguished: 
CblC, CblD, and CblE In cblC and cblD, there is a 
defect in cellular metabolism of cobalamin. In cblF 
there appears to be a defect in the process by which 
cobalamin exits from lysosomes after being taken up 
by receptor-mediated endocytosis. 



45.5 Therapy 

About half the patients with cystathionine p-synthase 
deficiency respond to large oral doses of vitamin B 6 
(pyridoxine). After a variable period, up to a few 
weeks, homocysteine levels become normal, hyper- 
methioninemia decreases, and hypocysteinemia in- 
creases to normal values. In some patients the re- 
sponse is only partial and very large doses of vitamin 
B 6 are needed. If this is not enough to correct the bio- 
chemical abnormalities, a diet low in methionine and 
high in cystine should be initiated. A mildly methion- 
ine-restricted diet may be advisable for vitamin- 
B 6 -responsive patients too. Extra supplementation of 
betaine has been proposed to promote remethylation 
of homocysteine to methionine. Folate utilization 
may be increased in patients with cystathionine 
P-synthase deficiency, since it is required in methyla- 
tion of homocysteine to methionine. Folate deficien- 
cy can mask vitamin B 6 responsiveness, and simulta- 
neous administration of folate is necessary in some 
patients to achieve biochemical normalization. As- 
pirin has been used to reduce the tendency to devel- 
op thromboses, but has not proven to be beneficial. 
With early instigation of treatment, most of the clini- 
cal manifestations of the disease can be prevented or 
delayed. 

Also, in mild hyperhomocysteinemia due to het- 
erozygosity for cystathionine p-synthase deficiency, 
vitamin B 6 combined with folate can normalize plas- 



ma homocysteine levels. The long-term effects of this 
treatment have not been fully assessed. 

5,10-Methylenetetrahydrofolate reductase defi- 
ciency has proven very resistant to treatment and on- 
ly limited success has been achieved. Therapeutic op- 
tions include (1) use of folates such as folic acid or 
folinic acid in an attempt to maximize any residual 
enzyme activity; (2) use of methyltetrahydrofolate to 
replace the missing product; (3) use of methionine to 
correct the cellular methionine deficiency; (4) use of 
pyridoxine to lower homocysteine levels because of 
its role as a cofactor for cystathionine p-synthase; (5) 
use of cobalamin because of its role as a cofactor for 
methionine synthase; (6) use of carnitine; and (7) use 
of betaine in order to lower homocysteine levels and 
supplement methionine levels. In most patients sev- 
eral agents are used in combination. 

Folate deficiency can be corrected by supplemen- 
tation of the deficient substance. 

All inborn errors of intracellular cobalamin me- 
tabolism are treated with intramuscular hydroxy- 
cobalamin. After induction, the hydroxycobalamin 
can be given orally because cobalamin absorption 
and transport are normal. The biochemical and 
hematological response to the therapy is usually 
rapid. Plasma levels of methionine and homocysteine 
can be used to monitor treatment. In CblE and CblG 
the use of hydroxycobalamin is usually sufficient, al- 
though supplementation with methionine has been 
shown to have additional beneficial effects. In CblC of 
infantile onset, hydroxycobalamin cannot always ful- 
ly reverse the clinical and biochemical abnormalities. 
Betaine can be used as additive. A synergistic action 
of betaine and hydroxycobalamin has been shown in 
CblC. The long-term outcome of treatment depends 
to a great extent on the swiftness with which treatment 
is started after onset of symptoms, or, in other words, 
on the extent of irreversible neurological damage. 

In cobalamin deficiency of all causes, hydroxy- 
cobalamin can be administered. In transcobalamin II 
deficiency large doses of hydroxycobalamin are re- 
quired to correct cellular cobalamin deficiency. The 
effect of treatment depends on the presence and 
extent of irreversible neurological damage. 



45.6 Magnetic Resonance Imaging 

The cerebral infarctions occurring in cystathionine 
P-synthase deficiency, both lacunar and large infarc- 
tions, can be visualized by MRI. The images as such 
are not specific, only the age category of the patient is 
unusual. Changes suggestive of single or multiple 
small infarcts are most commonly observed. When 
the lesions are scattered over the brain with a pre- 
dilection for the periventricular area, the picture may 
resemble that of multiple sclerosis. 
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Fig. 45.2. A 43-year-old woman with 
mild hyperhomocysteinemia who had 
her first stroke with hemiparesis on 
the left at the age of 22 years. At that 
time a large medial cerebral artery 
infarction was found. Recently she 
developed signs of left hemisphere 
dysfunction. The MR images show 
an old, large middle cerebral artery 
infarction with wallerian degeneration 
of the connecting pyramidal tracts, 
through the internal capsule into the 
brain stem. There is a small lesion in 
the paraventricular white matter on 
the left. Courtesy of Dr.J.W.Snoek, 
Department of Neurology, Martini 
Hospital, Groningen,The Netherlands 




Multiple systematic studies have documented an 
increased frequency of overt and silent infarcts of the 
brain in patients with mild hyperhomocysteinemia 
(Fig. 45.2). An increased incidence of spontaneous 
artery dissection has also been reported. One patient 
with mild hyperhomocysteinemia and severe cere- 
brovascular occlusive disease due to a moyamoya 
phenotype has been reported (Van Diemen-Steen- 
voordeetal. 1990). 

In subacute combined degeneration MRI reveals 
spinal cord abnormalities with an increased signal in- 
tensity of the posterior part of the cervical spinal cord 
on T 2 -weighted sagittal and transverse images 
(Fig. 45.3). The abnormality in signal intensity is lo- 
cated in the dorsal and lateral columns. Contrast en- 
hancement of the dorsal columns may be seen, but 
does not occur in all patients. With treatment, partial 
or complete resolution the lesion can follow. 

MRI of cerebral white matter abnormalities has 
mainly been documented in patients with 5,10-meth- 
ylenetetrahydrofolate reductase deficiency (Figs. 45.4 
and 45.5) and disorders of intracellular cobalamin 
metabolism (Figs. 45.6-45.8). In untreated infants 
within the first year of life, MRI shows a delay in 
myelination with improvement after therapy (Figs. 
45.4 and 45.6). In older untreated patients, an in- 



creased signal intensity is seen in the cerebral white 
matter, sparing the brain stem and cerebellar white 
matter, consistent with demyelination or insufficient 
myelination (Figs. 45.5 and 45.7). The degree of signal 
abnormality varies from slight to prominent. There 
may be evidence of cerebral atrophy with increased 
size of the lateral ventricles and subarachnoid spaces. 
Improvement of the white matter signal and the cere- 
bral atrophy is noted after therapy. Several patients 
with 5,10-methylenetetrahydrofolate reductase defi- 
ciency and disorders of intracellular cobalamin me- 
tabolism have been reported, who had internal hydro- 
cephalus with marked enlargement of the lateral ven- 
tricles and macro cephaly, requiring shunt implanta- 
tion (Fig. 45.8). 

Delayed myelination and reversible cerebral atro- 
phy has been documented in cobalamin-deficient in- 
fants (Fig. 45.9). In our cobalamin-deficient patient, 
aged 19 months, a severe cerebral hemispheric white 
matter abnormality was found, whereas the corpus 
callosum, internal capsule, and brain stem were 
spared (Fig. 45.9). The white matter abnormalities 
were most severe in the parietal area, extending 
through the corona radiata into the arcuate fibers. In 
addition, the hemispheric white matter had too high 
a signal intensity on T 2 -weighted images with a 
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Fig. 45.3. Spinal images of a cobalamin-deficient patient 
with signs of subacute combined degeneration of the spinal 
cord. Note the selective involvement of the dorsal columns 
at the cervical level 



patchy distribution, most pronounced in the subcor- 
tical white matter, probably related to delayed and 
disturbed myelination. The images also showed cere- 
bral atrophy in the presence of clinical microcephaly. 
With cobalamin treatment, the white matter im- 
proved and the atrophy resolved with return of the 
head circumference to the normal centiles (Fig. 45.9). 
In older cobalamin-deficient patients, white matter 
abnormalities of variable extent have been described. 
These abnormalities are bilateral but not necessarily 
symmetrical. The white matter changes are most of- 
ten located in the periventricular white matter as a 
confluent rim of signal change with additionally 
smaller lesions in the deep white matter (Fig. 45.10). 
In some patients, larger areas of white matter are 
abnormal, extending from the periventricular region 



into the U fibers (Fig. 45.11), sometimes with some 
swelling leading to broadening of gyri. There may be 
signal abnormalities in the brain stem and middle 
cerebellar peduncles as well (Fig. 45.1 1). Small lesions 
in the basal ganglia have been reported. The abnor- 
malities resolve partially with treatment (Figs. 45.10 
and 45.11). 

Finding evidence of combined degeneration of 
dorsal and lateral columns is highly suggestive of one 
of the hyperhomocysteinemic disorders and should 
direct the diagnostic work-up in the right direction. 
However, both the vascular abnormalities and the 
white matter abnormalities described above are non- 
specific. Metabolic screening of urine is most helpful 
in achieving the correct diagnosis. 
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Fig. 45.4. Girl with methylenetetrahydrofolate reductase defi- 
ciency. The images in the first row were obtained at the age of 
1 0 months.They show marked cerebral atrophy with widening 
of the lateral ventricles and subarachnoid spaces. In addition, 
myelination is delayed. The frontal and parietal white matter 
has a higher signal on T 2 -weighted images than expected for 
delayed myelination only. Treatment with betaine monohy- 
drate led to marked clinical and biochemical improvement. 



The second MRI series {second row) was obtained at 22 months 
and the third MRI was obtained at 4 years {third row). A de- 
crease in cerebral atrophy and a progress of myelination are 
noted on follow-up, although the lateral ventricles and sub- 
arachnoid spaces remain dilated and myelination incomplete. 
There remain areas in the subcortical white matter with evi- 
dently elevated signal on theT 2 -weighted images. From Engel- 
brecht et al. (1 997), with permission 
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Fig. 45.5. Boy with methylenetetrahydrofolate reductase de- 
ficiency at the age of 5 years.TheT 2 -weighted MR images show 
that the cerebral white matter has an elevated signal through- 
out. The corpus callosum also has a slightly abnormal signal. 



The optic radiation and cerebellar white matter have a more 
normal signal. Courtesy of Dr. Z. Patay, Department of Radiolo- 
gy, King Faisal Specialist Hospital and Research Center, Riyadh, 
Saudi Arabia 



Fig. 45.6. Girl with CblC.The first MRI was obtained at the age 
of 2.5 months {first and second row); the second MRI at the age 
of 24 months {third and fourth row). On the first MRI the cere- 
bral white matter is abnormal and slightly swollen. Treatment 
with hydroxycobalamin led to clinical improvement. Follow- 
up MRI at 2 years reveals that myelination has progressed but 



is still incomplete.There are more prominent white matter ab- 
normalities in the periventricular region. Courtesy of Dr.C. Fon- 
da, Division of Pediatric Radiology, A. Meyer Children's Hospi- 
tal, Florence, Italy, and Dr. A. Rossi (Rossi et al. 2001 b, with per- 
mission) 
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Fig. 45.6. 
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Fig. 45.7. A 6-year-old untreated male patient with CblC. 
There are prominent abnormalities in the periventricular and 
deep white matter. The corpus callosum is also involved, but 
the internal capsule and brain stem are spared. There is some 



cerebral atrophy with mild widening of the lateral ventricles 
and subarachnoid spaces. Courtesy of Dr. C. Fonda, Division of 
Pediatric Radiology, A. Meyer Children's Hospital, Florence, Italy 



Fig. 45.8. Girl with CblC. The first MRI was obtained at 3 
months {first and second row), the second at 4 months {third 
and fourth row). Note the progressive hydrocephalus. The lat- 
eral ventricles have increased in size and the cerebral mantle 
has become thinner.The cerebral white matter has become in- 
creasingly abnormal in signal intensity. Courtesy of Dr.S.BIaser, 
Department of Diagnostic Imaging, and Dr. A. Feigenbaum, 
Department of Clinical Genetics, Hospital for Sick Children, 
Toronto, Canada 
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Fig. 45.8. 
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Fig. 45.9. 
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Fig. 45.9. Girl with cobalamin deficiency, 1 9 months old at the 
time of the first MRI {first and second row). She was breast-fed 
and her mother, being vegan, had a cobalamin deficiency. 
These T 2 -weighted MR images suggest a combination of de- 
layed and disturbed myelination of the cerebral hemispheres, 
and demyelination and gliosis in the tracts under the pericen- 
tral cortex. Corpus callosum, internal capsule, and brain stem 
are spared. In addition there is prominent cerebral atrophy 



with enlargement of the ventricular system and subarachnoid 
spaces.The second MRI was obtained after 6 months of treat- 
ment {third and fourth row) and showed marked progress of 
myelination and improvement of the atrophy. The third MRI 
was obtained at the age of 4 years {fifth row). It shows that 
myelination is still incomplete in the U fibers and temporal 
lobe.There are some remaining areas of abnormal signal in the 
deep parietal white matter 
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Fig. 45.10. A 51 -year-old female 
patient with cobalamin deficiency. 
The first MRI {first row) was obtained 
before treatment and shows exten- 
sive, patchy cerebral white matter 
abnormalities with sparing of the U 
fibers. Follow-up MR images 2 months 
after installment of cobalamin supple- 
mentation {second row) and 44 
months after initiation of treatment 
{third row) show a striking improve- 
ment, especially on the third MRI. 
From Stojsavljevic et al. (1 997), 
with permission 
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Fig. 45.11. A 48-year-old woman with cobalamin deficiency 
{first row) with follow-up 6 months after initiation of cobal- 
amin supplementation {second row). Note the diffuse cerebral 
white matter abnormalities before treatment, also involving 



the corpus callosum, posterior limb of the internal capsule, 
and middle cerebellar peduncles. With treatment improve- 
ment occurs. From Moritaet al. (2003), with permission 



Chapter 46 

Urea Cycle Defects 



46.1 Clinical Features 

and Laboratory Investigations 

There are five well-documented urea cycle defects 
(Fig. 46.1): 

- Carbamyl phosphate synthetase deficiency (CPSD) 

- Ornithine transcarbamylase deficiency (OTCD) 

- Argininosuccinate synthetase deficiency (ASSD), 
also called citrullinemia 

- Argininosuccinate lyase deficiency (ASLD), also 
called argininosuccinic aciduria 

- Arginase deficiency, also called hyperargininemia 

These disorders have an autosomal recessive mode of 
inheritance, with the exception of OTCD, which has 
an X-linked recessive inheritance. Clinical signs of 
metabolic derangement may appear at any time from 
early infancy to adulthood, but peak periods include 
the neonatal period, change to a diet with high pro- 
tein content (replacement of milk feeding by a diet 
with higher protein content, parenteral nutrition), 
and episodes of infectious diseases. Valproate may al- 
so induce an episode of metabolic derangement. 

In the case of neonatal presentation, a normal ba- 
by is born after normal pregnancy and delivery. After 
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Fig. 46.1. The urea cycle. CPS, carbamyl phosphate syn- 
thetase; OTC, ornithine transcarbamylase; ASS, argininosucci- 
nate synthetase; ASL, argininosuccinate lyase 



one or two days the child becomes lethargic and hy- 
potonic. Vomiting, seizures, hypothermia, and hyper- 
ventilation occur. Lethargy increases and coma fol- 
lows. There are signs of elevated intracranial pressure 
with a bulging fontanel and increasing head size. In 
most cases the disease progresses rapidly to death 
within a few days. Survivors almost always have 
severe neurological sequelae. 

In the case of later onset, the disease is chronic and 
episodic. Occurrence of symptoms may be related to 
protein intake, infections, trauma, surgery, or initia- 
tion of valproate treatment, but not infrequently an 
episode occurs without any obvious cause. The 
episodes are characterized by headache, lethargy, irri- 
tability, agitation, confusion, hallucinations, vomit- 
ing, hypotonia, ataxia, dysarthria, or coma. The pre- 
sentation may also be stroke-like with signs of dys- 
function of one cerebral hemisphere, in particular 
hemiplegia. In patients with later onset of clinical 
symptoms the mortality rate is still high, and highest 
during the initial presenting illness. In addition to the 
episodic worsenings, there are often chronic clinical 
signs, which may include learning problems or psy- 
chomotor retardation of variable severity, behavioral 
problems, ataxia, seizures, and hepatomegaly. Some 
patients voluntarily restrict their protein intake. Nor- 
mal development and neurological function up to 
adulthood have been reported in rare cases. In ASLD, 
coarse and friable hair (trichorrhexis nodosa) is a 
special characteristic. 

The clinical features and course of disease are in- 
distinguishable in CPSD, OTCD, ASSD, and ASLD. It is 
only in hyperargininemia that the clinical manifesta- 
tions differ. In the latter disease, the clinical symp- 
toms are slowly progressive and include growth fail- 
ure, psychomotor retardation, progressive spastic 
tetraplegia (the legs being more severely involved 
than the arms), tremor, ataxia, choreoathetosis, 
epilepsy, and hyperactivity. In addition, episodes of 
lethargy, vomiting, and coma may occur. There is 
some variability in onset and rate of progression of 
the disease. Life span is usually longer than in the oth- 
er urea cycle defects. 

Females heterozygous for OTCD are usually free of 
symptoms, but approximately 10% become sympto- 
matic and have a milder and more variable course of 
disease than affected males. Symptoms are episodic 
and include headaches, vomiting, irritability, bizarre 
behavior, lethargy, ataxia, tremors, seizures, and co- 
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ma. The presentation may also be stroke-like with 
recurrent episodes of hemiparesis. A high-protein 
diet, infection, surgery, and the postpartum state may 
precipitate attacks. Deterioration following use of val- 
proate has been described repeatedly. 

Laboratory investigations reveal hyperammone- 
mia in all urea cycle disorders, with the exception of 
hyperargininemia, in which blood ammonium levels 
may be normal. Respiratory alkalosis is often present. 
Urinary orotic acid is increased because of the shunt- 
ing of nitrogen waste from the urea cycle. In CPSD 
and OTCD citrulline is decreased in plasma. In ASSD 
plasma citrulline is elevated, whereas in ASLD argini- 
nosuccinate is elevated and citrulline is moderately 
increased. In these four disorders, plasma levels of 
glutamine and alanine are frequently raised, whereas 
arginine and ornithine are decreased. In hyper- 
argininemia, arginine is elevated in plasma. In urine, 
elevation of arginine, lysine, cystine, ornithine, cit- 
rulline, glutamine, and orotic acid is found. A definite 
diagnosis can be established by enzyme assessment 
in liver cells. In hyperargininemia and ASLD, enzyme 
assessment is also possible in erythrocytes; in ASSD 
and ASLD, enzyme assessment is also possible in 
fibroblasts. DNA confirmation is possible for all urea 
cycle defects. 

All five urea cycle defects can be diagnosed antena- 
tally. The techniques available for prenatal diagnosis 
vary from measurement of abnormal metabolites in 
amniotic fluid, to DNA analysis in chorionic villi or 
amnio cytes, to measurement of enzyme activity in 
cultured amniocytes or in utero liver biopsy samples. 
Protein loading, alanine loading, and allopurinol 
challenge to induce orotic aciduria can be used for 
carrier detection in OTCD. However, a negative test 
does not rule out the carrier status. DNA techniques 
can be used for carrier detection if the mutation in 
the affected patient is known. 



46.2 Pathology 

Neuropathological findings are variable and depend 
on the age of the patient and on the relative effects of 
present and past acute and chronic metabolic de- 
rangements. Neuropathological findings are similar 
in the different urea cycle disorders. 

Actual high elevations of ammonium levels lead to 
brain swelling. On light and electron microscopy, as- 
trocyte swelling is found. Hyperammonemia induces 
the so-called Alzheimer type II change in astrocytes. 
This change consists of an increase in the number and 
size of astrocytic nuclei, which may become nearly 
twice their normal size. These nuclei are vesicular 
with a prominent nuclear membrane and an optical- 
ly empty nucleoplasm with sparse chromatin parti- 
cles. The cytoplasm is not discernible with the light 



microscope. Alzheimer type II astrocytes are mainly 
present in cerebral cortex, basal nuclei, cerebellar cor- 
tex and nuclei, and brain stem nuclei. The presence of 
Alzheimer type II cells depends on the presence of 
hyperammonemia. In adequately treated patients 
with normal ammonia levels Alzheimer type II cells 
are absent. 

In neonates who die in the acute phase of metabol- 
ic decompensation, diffuse brain swelling is found. 
Alzheimer type II astrocytes are present in gray 
matter structures. There may be signs of acute neu- 
ronal injury. Myelination is normal for age. In some 
neonates a status spongiosus of cortex and white 
matter is observed. 

In older infants, children, and adults, atrophy of the 
brain is often found with widening of the lateral ven- 
tricles and spaces between the sulci. The atrophy 
varies from mild to severe. Variable focal and multi- 
focal corticosubcortical necrosis may be seen with a 
tendency to microcavitation. Acute lesions are 
swollen; old lesions are atrophic with presence of ule- 
gyria. On microscopic examination, cortical findings 
vary from normal to pseudolaminar neuronal necro- 
sis to complete depopulation of the cortex and diffuse 
gliosis. The cortical damage may have a spongiform 
appearance. Neuronal loss, gliosis, and spongy 
changes may also be seen in basal nuclei, thalamus, 
and brain stem. White matter changes are variable. 
Myelination may be normal or mildly to severely 
delayed. Signs of active myelin breakdown may be 
present, but are not seen in all cases. The white matter 
may show diffuse gliosis. The white matter changes 
may be spongiform with presence of myelin splitting 
and vacuolation. In severe cases, there is diffuse loss 
of axons and myelin, and the white matter may be 
largely replaced by gliotic tissue. 

In female carriers of OTCD, neuropathological 
findings are apparently mainly related to chronic 
hyperammonemia, which leads predominantly to 
neuronal damage. Variable, sometimes extreme cere- 
bral atrophy is the predominant finding. The hemi- 
spheric walls are thin and the lateral ventricles are 
dilated. The cerebral cortex shows signs of neuronal 
loss and gliosis. There is also loss of neurons in the 
basal nuclei and thalamus. Alzheimer type II astro- 
cytes are present in the cerebral cortex, basal nuclei, 
dentate nuclei, and brain stem nuclei. The white mat- 
ter may be rarefied and gliotic with a reduced number 
of myelinated fibers. 



46.3 Pathogenetic Considerations 

The urea cycle (Fig. 46.1) serves two purposes: it con- 
tains, in part, the biochemical reactions required for 
the de novo biosynthesis and degradation of arginine, 
and it incorporates the surplus of nitrogen into urea, 
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which serves as a waste nitrogen product. The en- 
zymes involved in urea synthesis are partly located 
within the mitochondria (carbamyl phosphate syn- 
thetase, ornithine transcarbamylase), whereas the 
other enzymes are located within the cytosol (ar- 
gininosuccinate synthetase, argininosuccinate lyase, 
arginase). Carbamyl phosphate synthetase requires 
AT-acetylglutamate for full activity. Most urea cycle 
metabolic capacity resides in the liver. The gene loca- 
tions of the urea cycle enzymes have been identified 
and the genes have been characterized. The gene for 
carbamyl phosphate synthetase is located on chromo- 
some 2q35; the gene for ornithine transcarbamylase 
is located on chromosome Xp21.1; the gene for 
argininosuccinate synthetase is located on chromo- 
some 9q34; the gene for argininosuccinate lyase is 
located on chromosome 7cen-qll.2; and the gene for 
arginase is located on chromosome 6q23. 

A urea cycle defect has two consequences: arginine 
becomes an essential amino acid (except in hyper- 
argininemia), and nitrogen accumulates in a variety 
of molecules, in particular ammonia. Ammonia is 
highly toxic to the brain where it interferes with ener- 
gy production and normal metabolism of neuro- 
transmitters. Ammonia influences the glutamine- 
glutamate-GABA balance. Glutamate is the most im- 
portant excitatory neurotransmitter, whereas GABA 
(y-aminobutyric acid), formed by decarboxylation 
from glutamate, is the most important inhibitory neu- 
rotransmitter. In the presynaptic neuron, glutamate is 
formed from glutamine by glutaminase. After release 
by the presynaptic neuron, glutamate is taken up by 
the astrocyte, in which it is processed by glutamine 
synthetase into glutamine. Glutamine is transported 
to the presynaptic neuron, where glutaminase cat- 
alyzes the formation of glutamate available for neuro- 
transmission. Hyperammonemia has a great impact 
on this cycle by stimulating synthesis of glutamine 
from ammonia and glutamate with consumption of 
ATP. The disturbance of the balance between excitato- 
ry and inhibitory neurotransmitters may contribute 
to the cerebral dysfunction. Glutamine synthetase is 
mainly located in astrocytes, and high plasma levels 
of ammonia lead to accumulation of glutamine with- 
in astrocytes. During hyperammonemia, the concen- 
tration of glutamine in the brain becomes highly ele- 
vated. It has been proposed that the consequent 
osmotic effect causes astrocytes to swell, with sub- 
sequent cerebral edema. 

The excitotoxin quinolinic acid has been proposed 
to explain aspects of neuronal injury. Quinolinic acid 
accumulates under hyperammonemic conditions and 
derives from tryptophan metabolism. Under such 
conditions there is increased transport of tryptophan 
across the blood-brain barrier. Tryptophan oxidation 
leads to the formation of quinolinic acid, which 
acts as an excitotoxin at the N-methyl-D-aspartate 



(NMDA) receptors. Moderate elevations of CSF levels 
of quinolinic acid have been found in patients with a 
urea cycle defect. 

Unlike patients with liver failure, in whom ammo- 
nia is only one of several toxins, ammonia appears to 
be the only cause of the acute encephalopathy seen in 
patients with urea cycle defects, except for those with 
hyperargininemia, in whom an increase in arginine 
may also play a role. In hyperammonemia due to 
liver failure, MRI of the brain shows, as expected in 
generalized disorders, a symmetrical pattern. There 
are changes in signal intensity in the basal nuclei, in 
particular due to T x shortening. In contrast, brain 
pathology in urea cycle disorders is often character- 
ized by focal, usually asymmetrical lesions. It remains 
to be explained why cerebral abnormalities related to 
hyperammonemia in urea cycle disorders are so dif- 
ferent from those observed in liver failure, and why 
the lesions tend to be asymmetrical. 

In all urea cycle disorders apart from hyper- 
argininemia, arginine is deficient unless externally 
supplied. Chronic arginine deficiency is character- 
ized by dermatological features with erythematous 
scaling. A dramatic improvement of this cutaneous 
eruption occurs with dietary arginine supplementa- 
tion. High levels of citrulline or argininosuccinate are 
probably not toxic. The similarity in presentation 
among the different urea cycle defects is related to 
hyperammonemia. The variability in clinical severity 
is probably related to differences in mutations (and 
differences in levels of residual enzyme activity), dif- 
ferences in other genetic factors and environmental 
factors. In females carrying an OTC mutant allele on 
one chromosome, variability in expression is related 
to the proportion of hepatocytes in which the normal 
or mutant allele is active (lyonization). 

Hyperargininemia has a clinical picture that is 
partially different from that of the other urea cycle 
defects. The progressive spasticity that dominates the 
clinical picture in hyperargininemia is not a feature 
of the other urea cycle defects. It has been proposed 
that arginine and its metabolites, the guanidine com- 
pounds, are responsible. 



46.4 Therapy 

Therapeutic strategies in urea cycle defects aim at 
reduction of protein intake, utilization of alternative 
pathways of nitrogen excretion, and replacement of 
deficient nutrients. 

Emergency treatment consists of stopping all pro- 
tein intake, starting high energy intake to prevent 
catabolic situations with breakdown of endogenous 
protein, and measures that lead to augmented nitro- 
gen disposal. Sodium benzoate, sodium phenyl bu- 
tyrate, or sodium phenyl acetate, supplied orally or 



intravenously, can be used as substrates for an alter- 
nate route of nitrogen disposal. Lactulose binds am- 
monia in the intestinal tract and can increase ammo- 
nia disposal in feces. Arginine should be supplement- 
ed in all urea cycle defects except hyperargininemia. 
Hemodialysis can be used in life-threatening situa- 
tions. Of course, the conditions initiating the deterio- 
ration (infections, insufficient intake) and complica- 
tions (seizures) have to be treated too. 

Chronic treatment of urea cycle defects consists of 
a protein-restricted diet, sufficient caloric intake to 
avoid catabolic situations, and supplementation of 
absent substances. Protein-restricted diets have to be 
supplemented with essential amino acid mixtures to 
avoid deficiencies. In all urea cycle disorders apart 
from hyperargininemia, arginine cannot be synthe- 
sized endogenously; it has become an essential amino 
acid and has to be supplied. If an essential amino acid 
is lacking, protein breakdown cannot be remedied. 
Long-term treatment that restricts intake of high- 
protein food, including milk and meat, leads to defi- 
ciency of minerals, trace elements, and vitamins, 
which also have to be supplemented. Infections and 
insufficient caloric intake due to anorexia carry the 
risk of triggering an episode of severe hyperammone- 
mia. Therefore, such conditions have to be treated 
vigorously. The use of valproic acid as an antiepilep- 
tic drug should be avoided. Valproic acid may acceler- 
ate the appearance of hyperammonemia. 

The overall long-term prognosis has improved 
with treatment, in particular in patients presenting 
after the neonatal period. However, a high percentage 
of treated patients are still mentally retarded. The 
mortality rate in the group with neonatal presenta- 
tion is still very high, and most (or all) surviving 
patients are severely handicapped. 

Enzyme replacement therapy through liver trans- 
plantation has been attempted, and it has been shown 
to be effective in correcting the metabolic defect. 
After liver transplantation no further brain damage is 
to be expected, but significant recovery of prior brain 
damage does not occur. Therefore, liver transplanta- 
tion may be an excellent treatment for patients with- 
out major brain injury. However, in view of the poten- 
tial morbidity and mortality associated with liver 
transplantation, the present experience is still too 
limited to allow a balanced opinion. Genetic correc- 
tion of the patient's liver cells is a promising future 
option. 
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46.5 Magnetic Resonance Imaging 

In urea cycle defects, cerebral abnormalities change 
depending on the stage of disease. In acute episodes 
of metabolic derangement, lesions appear, which may 
improve under treatment but leave traces. Chronic 
hyperammonemia also has deleterious effects. MRI 
has the advantage over neuropathological examina- 
tions of being able to depict the dynamics of cerebral 
lesions in urea cycle disorders. 

In neonates, neuroimaging shows severe brain 
swelling. On CT diffuse cerebral hypodensity with 
loss of contrast between cortex and white matter may 
be seen. MRI shows diffuse cerebral edema (Fig. 46.2) 
and may demonstrate involvement of the basal gan- 
glia with a high signal in the caudate nucleus, puta- 
men, and/or globus pallidus on T 2 -weighted images 
(Fig. 46.2) and a high signal in the globus pallidus and 
to a lesser extent the putamen on T r weighted images. 
The deep sulci of the insular and perirolandic region 
may also display T x shortening. MR spectroscopy may 
contribute by showing highly elevated glutamine lev- 
els. If the patient survives, diffuse brain atrophy fol- 
lows. In some cases, focal or diffuse gross cystic de- 
generation of the cerebral hemispheres is seen on fol- 
low-up. The basal ganglia are often prominently in- 
volved as well, but the thalamus, brain stem, and 
cerebellum tend to be relatively spared. 

In acute metabolic derangement in older infants 
and children, small and large areas of abnormal sig- 
nal intensity are seen in the brain, most often involv- 
ing both cortex and underlying white matter, giving 
them an infarct-like aspect (Figs. 46.4 and 46.5). 
Sometimes, the signal abnormalities involve only or 
mainly the cortex (Fig. 46.3). The acute lesions are 
moderately swollen. Often multiple lesions are pre- 
sent. The distribution of the lesions is as a rule asym- 
metrical or even unilateral (Figs. 46.4 and 46.5). In 
some cases one hemisphere is totally involved. How- 
ever, in other patients almost the entire brain is affect- 
ed (Fig. 46.3). A combination of high plasma ammo- 
nia levels and an MRI picture with one or more large, 
moderately swollen areas involving cortex and white 
matter is highly suggestive of a urea cycle defect. This 
pattern can be found in all urea cycle defects when an 
episode of acute metabolic derangement is present, 
including those in female carriers of OTCD (Fig. 46.4) 
and patients with arginase deficiency (Fig. 46.5). In 
the chronic stage, swelling resolves and focal areas of 
atrophy and patchy signal changes of cortex and 
white matter remain (Fig. 46.6). Sometimes, the le- 
sions are restricted to the white matter. 

In chronic hyperammonemia, defective myelina- 
tion and progressive cerebral atrophy are seen. Some 
patients have some nonspecific focal white matter 
abnormalities. 
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Fig. 46.2. MRI series of a baby boy, 6 days old, with ASLD and 
extreme hyperammonemia. The T r weighted sagittal image 
shows generalized edema and tonsillar herniation. The T 2 - 
weighted transverse images show generalized edema with, in 



particular, severe swelling of the brain stem. Note the signal 
abnormalities in the putamen and caudate nucleus. MR spec- 
tra of this patient are shown in Chap. 1 08 
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Fig. 46.3. A 2-year-old girl, a carrier of OTCD, with an acute 
episode of neurological deterioration and coma. The T 2 - 
weighted transverse images show diffuse involvement of the 



cerebral cortex and subcortical white matter. Courtesy of Dr. S. 
Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto, Canada 
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Fig. 46.4. A 2-year-old girl, a carrier of OTCD, with an acute 
episode of neurological deterioration and hemiplegia. The T 2 - 
weighted images show an extensive area of high signal inten- 
sity and swelling in the left frontal and parietal white matter 
and cortex with blurring of the corticomedullary junction. A 



smaller area of abnormal signal in the cortex and subcortical 
white matter is seen in the right frontal region. Courtesy of Dr. 
S. Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto, Canada 
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Fig. 46.5. A boy,6 years of age, with hyperargininemia.TheMR 
images were made during an episode of acute metabolic de- 
compensation following protein-rich gavage feeding. The T 2 - 
weighted transverse images show the signal changes bilater- 



ally in the frontal lobes, accentuated on the left side, with in- 
volvement of both gray and white matter, blurring the 
gray-white matter junction. The corpus callosum is not 
involved, nor are the basal ganglia 
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Fig. 46.6. The same boy as in Fig. 46.5, now 2 years later. The acute abnormalities have disappeared. Note the atrophy, most 
marked in the left frontal area 



Chapter 47 



Serine Synthesis Defect Caused 

by 3-Phosphoglycerate Dehydrogenase Deficiency 



47.1 Clinical Features 

and Laboratory Investigations 

3-Phosphoglycerate dehydrogenase deficiency is a 
rare neurological disorder with a prenatal onset. All 
patients known so far have presented with congenital 
microcephaly. Some have contractures at birth. Dur- 
ing the first months of life a severe psychomotor 
retardation becomes apparent. Between 2 and 14 
months epilepsy starts, which is difficult to control 
with antiepileptic medication. Different types of 
seizures may be seen, including West syndrome and 
tonic, atonic, and myoclonic seizures. The patients de- 
velop spastic tetraparesis. Other features that may be 
seen are nystagmus, cataract, and hypogonadism. 

Low levels of l- serine and glycine are found in the 
CSF and plasma in the fasting state. The levels are rel- 
atively lower in CSF than in plasma. Urinary amino 
acids are not informative. Another finding is a low 
level of 5-methyltetrahydrofolate in CSF without an 
elevated homocysteine concentration in plasma. 
Megaloblastic anemia and thrombocytopenia are 
variably present. The diagnosis is confirmed by 
demonstration of deficient 3-phosphoglycerate dehy- 
drogenase activity in cultured fibroblasts. Prenatal 
diagnosis is possible by means of both enzyme as- 
sessment and DNA analysis. 



47.2 Pathology 

At present, no autopsy reports are available. 

47.3 Pathogenetic Considerations 

Deficiency of 3-phosphoglycerate dehydrogenase is a 
disease with an autosomal recessive mode of inheri- 
tance. The related gene, PHGDH, is located on chromo- 
some lql2. Different mutations have been described. 

L-Serine is derived from four possible sources: di- 
etary intake, biosynthesis from 3-phosphoglycerate, 
biosynthesis from glycine, and degradation of protein 
and phospholipids. It is likely that the predominant 
source of L-serine is different for different tissues and 
different stages of development. 3-Phosphoglycerate 
dehydrogenase catalyzes the first step in the synthesis 
of L-serine from the glycolytic intermediate 3-phos- 
phoglycerate. 



L-serine has a central role as a precursor for sulfur 
amino acids. It is a major source of one-carbon 
groups, providing formyl groups for purine synthesis 
and methyl groups for pyrimidine synthesis, the 
remethylation of homocysteine, and many other 
methylation reactions necessary in cellular metabo- 
lism. It is a precursor for the synthesis of phosphoglyc- 
erides and complex macromolecules such as sphin- 
golipids and glycolipids. Serine can be converted to 
glycine, which has important neurotransmitter func- 
tions as an NMDA receptor agonist. The conversion of 
L-serine to glycine is accompanied by the conversion 
of tetrahydrofolate to 5,10-methylenetetrahydrofolate, 
which is subsequently reduced to 5-methyltetrahydro- 
folate. The latter is a methyl donor for the remethyla- 
tion of homocysteine to methionine. L-serine can also 
be converted to D-serine, and D-serine is an even more 
potent NMDA receptor agonist than glycine. L-Serine 
is utilized in gluconeogenesis,but its role here is quan- 
titatively of minor importance. 

It is likely that, as soon as the blood-brain barrier 
is established, the CNS has to rely on its own synthe- 
sis of L-serine. 3-Phosphoglycerate dehydrogenase is 
highly expressed in fetal tissues including the CNS, 
especially in the ventricular and subventricular zone 
of the neural tube. This is the zone where the prolifer- 
ation of neural cells takes place. It is likely that im- 
pairment of neuronal proliferation is responsible for 
the microcephaly observed in patients at birth. The 
role of L-serine in the CNS is not restricted to provid- 
ing nucleotide precursors needed for cell prolifera- 
tion. Serine has also a trophic effect on neurons and 
stimulates dendritogenesis and axon length. 

The hypomyelination observed on MRI in patients 
with 3-phosphoglycerate dehydrogenase deficiency 
may be secondary to low concentrations of folate 
metabolites. Hypomyelination has been described in 
patients suffering from other inborn errors with a low 
CSF level of 5-methyltetrahydrofolate. Low levels of 
S-adenosylmethionine may be important in the white 
matter abnormalities observed in folate deficiency. 



47.4 Therapy 

Treatment with high doses of L-serine is usually very 
effective in controlling the seizures. Some patients 
need additional treatment with glycine to stop the 
seizures. There is some developmental progress after 
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onset of treatment, but the children remain seriously 
handicapped. The biochemical abnormalities nor- 
malize during treatment. The problem with treating 
children diagnosed some time after birth is that irre- 
versible brain damage is already present, which can- 
not be reversed by treatment. There is preliminary 
evidence that treatment of mothers pregnant of an 
affected fetus with l- serine may prevent all or most of 
the clinical problems. 



47.5 Magnetic Resonance Imaging 

MRI in untreated patients shows a reduced volume of 
the cerebral white matter with enlarged subarachnoid 
spaces (Fig. 47.1). The sulci almost touch the walls of 
the lateral ventricles. The corpus callosum is thin and 
short (Fig. 47.2). The cerebral white matter is defi- 
cient in myelination, also in older children. 




Fig. 47.1. Female patient with 3-phosphoglycerate dehydro- 
genase deficiency at the age of 1 2 months before the start of 
treatment {first row), and at the ages of 1 8 {second row) and 22 
months {third row), both after treatment started. At 12 months 
there is serious myelin deficiency and atrophy of the cerebral 



white matter. Under treatment the myelin content and the 
volume of the cerebral white matter increase, although they 
do not become normal. Courtesy of Dr. M. Pineda, Department 
of Neuropediatrics, Hospital Sant Joan de Deu, Barcelona, 
Spain 
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Fig. 47.2. Midsagittal image of two 
brothers with 3-phosphoglycerate 
dehydrogenase deficiency, showing 
the short and thin corpus callosum 




Once treatment has been started, the white matter 
volume increases (Fig. 47.1). In some patients myeli- 
nation progresses, but not in all. In the patients in 
whom myelination progresses, it still remains defi- 
cient and does not seem to reach completion. Longer 
follow-up is needed to document the long-term 
effects of treatment. 



Chapter 48 



Molybdenum Cofactor Deficiency 
and Isolated Sulfite Oxidase Deficiency 



48.1 Clinical Features 

and Laboratory Investigations 

Molybdenum cofactor deficiency and sulfite oxidase 
deficiency are autosomal recessive inborn errors of 
metabolism with a similar clinical presentation. In 
molybdenum cofactor deficiency, not only sulfite oxi- 
dase but also xanthine dehydrogenase and aldehyde 
oxidase are deficient. Molybdenum cofactor deficien- 
cy occurs more frequently than isolated sulfite oxi- 
dase deficiency. 

Patients with molybdenum cofactor deficiency 
usually present a few days after birth with feeding dif- 
ficulties, seizures, axial hypotonia, and limb hyperto- 
nia. The seizures are usually tonic-clonic and difficult 
to control. In patients who survive the neonatal peri- 
od, serious psychomotor retardation is seen. Many 
patients develop microcephaly. Lens dislocation de- 
velops in patients who survive the neonatal period. 
Other ocular abnormalities include spherophakia, 
iris coloboma, nystagmus, and enophthalmos. Cere- 
bral blindness may occur. A few patients have a milder 
disease course, with onset after the neonatal period, 
usually precipitated by an infection. The clinical 
symptoms include hypotonia, extrapyramidal move- 
ment abnormalities, and sometimes lens dislocation. 
Most patients die at an early age. Exceptional patients 
have a still milder disease with a Marfan-like habitus, 
dislocated lenses, learning problems, occasional 
stroke-like episodes with unilateral motor deficits, 
and survival into the third decade. 

In patients with sulfite oxidase deficiency, the clin- 
ical picture is on the whole more variable than in 
molybdenum cofactor deficiency. At the severe end of 
the spectrum, patients display signs of serious en- 
cephalopathy soon after birth, with seizures and spas- 
ticity and subsequently serious psychomotor retarda- 
tion, lens dislocation, spherophakia, and early death, 
similar to the clinical picture of molybdenum cofac- 
tor deficiency. However, patients may also have a later 
onset, most often between the ages of 6 months and 
1.5 years, and lack suggestive symptoms such as ec- 
topic lenses and seizures. The onset of the disease is 
often precipitated by an infection, which is followed 
by developmental regression, hypotonia, and dysto- 
nia or choreoathetosis. Microcephaly may develop. 
An episodic course with stepwise deterioration has 
also been described. 



Laboratory investigations in isolated sulfite oxi- 
dase deficiency reveal elevated urinary excretion of 
sulfite, thiosulfate, and taurine. Plasma and urinary 
amino acid profiles show the presence of S-sulfocys- 
teine. Plasma cystine levels are decreased. Urinary ex- 
cretion of xanthine and hypoxanthine are normal. 
Sulfite oxidase activity is deficient in cultured fibro- 
blasts. In molybdenum cofactor deficiency, the same 
laboratory findings are present, with the exception of 
xanthine and hypoxanthine, which are elevated, and 
plasma and urinary uric acid, which are low to virtu- 
ally absent. DNA-based diagnosis is possible for both 
disorders. Elevated urinary sulfite can be detected us- 
ing dipsticks, but these are not very reliable and may 
show false negative results, because sulfite sponta- 
neously oxidizes to sulfate on standing. Prenatal diag- 
nosis is possible by enzyme assessment in chorionic 
villi or cultured amniotic cells. Prenatal diagnosis by 
DNA analysis is also an option. 



48.2 Pathology 

The neuropathology of both isolated sulfite oxidase 
deficiency and molybdenum cofactor deficiency is 
characterized by gross cerebral atrophy with deep 
sulci and dilated ventricles. The cerebral hemispheres 
are usually affected by multicystic degeneration, 
which involves the white matter and inner layer of the 
cortex. In some areas the cortex may show complete 
degeneration. The cavities are separated by thick glial 
scar tissue. The remaining white matter contains little 
myelin and is markedly gliotic. The basal ganglia, 
thalami, and cerebellum are atrophic and show neu- 
ronal loss and gliosis on microscopy. The basal gan- 
glia may also be partly cystic. Remaining white and 
gray matter structures may show diffuse spongiosis 
and may contain areas of mineralization. The brain 
stem is atrophic and contains little myelin, but is bet- 
ter preserved. 



48.3 Pathogenetic Considerations 

Sulfite oxidase is encoded by the gene SUOX, located 
on chromosome 12ql3.2-13.3. Molybdenum cofactor 
consists of a unique pterin, molybdopterin, and the 
metal molybdenum. The cofactor is synthesized in 
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humans by a complex pathway that requires the prod- 
ucts of at least four different genes: MOCS1, MOCS2, 
MOCS3, and GEPH. Disease-causing mutations have 
been identified in three of these genes: MOCS1, 
MOCS2, and GEPH. MOCS1 is located on chromo- 
some 6p21.3, MOCS2 on chromosome 5qll, and 
GEPH on chromosome 14q24. MOCS1 and MOCS2 
have a bicistronic architecture, which means that each 
gene encodes two proteins in different open reading 
frames. The gene products, MOCS1A and B and 
MOCS2A and B, are expressed either from different 
mRNAs generated by alternative splicing or by inde- 
pendent translation of a bicistronic mRNA. The 
gephyrin protein is required during cofactor assem- 
bly for insertion of the molybdenum into molyb- 
dopterin. To date, no disease-causing mutations have 
been found in MOCS3. 

Molybdenum cofactor deficiency results in simul- 
taneous loss of all cofactor-dependent enzyme activ- 
ities, including sulfite oxidase, xanthine dehydroge- 
nase, and aldehyde oxidase. Sulfite oxidase catalyzes 
the oxidation of sulfite into sulfate. Xanthine oxidase 
catalyzes the decomposition of xanthine into uric 
acid. Aldehyde dehydrogenase catalyzes the forma- 
tion of xanthine from hypoxanthine. In addition, this 
enzyme is thought to be part of a general detoxifica- 
tion system. Combined deficiency leads to a pheno- 
type that is clinically quite similar to that of isolated 
sulfite oxidase deficiency. Therefore, it is likely that 
the neurological disease, characterized by a severe en- 
cephalopathy, results primarily from the sulfite oxi- 
dase deficiency. The pathological findings resemble 
those seen in severe perinatal asphyxia. The patho- 
genesis of the disease is not understood. It is not clear 
whether the damage arises from a toxic metabolite or 
from the deficit of a reaction product. The accumulat- 
ing sulfite may be toxic. However, its mode of action is 
unclear, and it is also unknown why the brain is most 
seriously affected. The reaction of sulfite with disul- 
fide bonds or with sulfhydryl groups is a general 
process that would be expected to occur in all organs. 
Ocular lens subluxation may be related to a disrup- 
tion of cystine cross-linking by excess sulfite. 



48.4 Therapy 

No effective treatment is available for the severe vari- 
ants of either isolated sulfite oxidase deficiency or 
molybdenum cofactor deficiency. The cofactor is ex- 
ceedingly unstable and direct cofactor replacement is 
not feasible. Various therapeutic trials, including oral 
intake of molybdenum salts and low-sulfur amino 
acid diet, combined with oral sulfate supplementa- 
tion, have failed. However, some measures may bene- 
fit individual patients. In particular in patients with a 
milder clinical picture, restriction of the intake of the 



precursor sulfur amino acids may lead to some im- 
provement. Cysteamine may be beneficial in absorb- 
ing excess sulfite. 

Treatment of seizures is important. In particular 
vigabatrin has been successful in controlling the 
seizures. 



48.5 Magnetic Resonance Imaging 

Neuroimaging findings in patients with isolated sul- 
fite oxidase deficiency and molybdenum cofactor 
deficiency are similar. CT scan of the brain has been 
reported to show diffuse edema in the neonatal peri- 
od. Multicystic degeneration of the cerebral hemi- 
spheres and calcium deposits have been documented 
by follow-up CT. 

In early postnatal presentation, MRI shows brain 
swelling and extensive areas of abnormal signal, con- 
sistent with edema and "hypoxic" changes within the 
cerebral cortex (Figs. 48.1 and 48.2). Follow-up MRI 
shows extensive cystic degeneration of the cerebral 
hemispheres, with large and smaller cysts within the 
white matter and enlargement of the ventricles and 
subarachnoid spaces (Fig. 48.2). The corpus callosum 
is thin. The cerebellum and brain stem are small, 
probably due to both hypoplasia and atrophy. The 
small cerebellum with enlarged pericerebellar spaces 
has been described as a Dandy- Walker variant, which 
is not correct, as the rest of the Dandy- Walker config- 
uration is lacking. The basal ganglia and thalami are 
atrophic and may contain cysts. On more prolonged 
follow-up, the large cysts in the cerebral white matter 
may collapse and a seriously atrophic brain may re- 
main. Not much myelin is deposited in the highly 
damaged, gliotic white matter. Because of the serious 
brain atrophy, subdural fluid collections develop eas- 
ily. 

The above pattern is indistinguishable from that 
seen in multicystic encephalopathy after perinatal as- 
phyxia, neonatal presentations of a urea cycle defect, 
and some early-onset and severe mitochondrial dis- 
orders. It is essentially the pattern that is expected to 
develop in neonates after profound energy failure of 
any origin. It seems that serious edema preceding the 
multicystic degeneration is a common factor. 

Some patients with milder forms of isolated sulfite 
oxidase deficiency or molybdenum cofactor deficien- 
cy have a much better preserved brain. Bilateral 
lesions in the globus pallidus with preservation of 
the rest of the brain have been found repeatedly 
(Fig. 48.3). In some patients more extensive abnor- 
malities are seen, with signal abnormality and 
swelling of the caudate nucleus, putamen, globus 
pallidus, and cerebral peduncles in the acute stage 
(Fig. 48.4) and less prominent signal abnormalities 
and atrophy of these structures in the chronic stage. 
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Fig. 48.1. Baby boy, 10 days old, with molybdenum cofactor signal in parts on ^-weighted images, as seen in necrosis, 
deficiency. The T 2 -weighted images show serious involvement Courtesy of Dr. S. Blaser, Department of Diagnostic Imaging, 
of the cortex and basal ganglia. These structures have a high Hospital for Sick Children,Toronto, Canada 



Selective involvement of the globus pallidus is rare 
and has been observed in creatine synthesis defects, 
succinic semialdehyde dehydrogenase deficiency, 
mitochondrial defects, hyperbilirubinemia, and car- 
bon monoxide poisoning. Lesions in the globus pal- 
lidus are also relatively frequent in neurofibromatosis 
type I. 
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Fig. 48.2. Baby girl with isolated sulfite oxidase deficiency. 
The T 2 -weighted images in the first row were obtained at the 
age of 5 days and show serious abnormalities of the cerebral 
cortex, white matter, and basal ganglia. The brain is diffusely 
swollen. The posterior fossa structures have a more normal 
appearance. The images in the second and third rows were 



obtained at the age of 3 1 days and demonstrate cystic degen- 
eration of the cerebral white matter. The basal ganglia and 
cerebral cortex also contain signal abnormalities. The brain 
stem and cerebellum are preserved. From Dublin et al. (2002), 
with permission 
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Fig. 48.3. Two brothers with isolated sulfite oxidase deficien- 
cy. Both are relatively mildly affected. The left and middle 
images represent the older brother at the age of 5 years. The 



right image represents the younger brother, also at the age of 
5 years. Both have isolated globus pallidus lesions 




Fig. 48.4. Girl, 1 year and 9 months old, with molybdenum 
cofactor deficiency. Note the signal abnormality and swelling 
of the putamen, globus pallidus, caudate nucleus, substantia 



nigra, and dentate nucleus. From Hughes et al. (1998), with 
permission 



Chapter 49 

Galactosemia 



49.1 Clinical Features 

and Laboratory Investigations 

Three major types of galactosemia can be distin- 
guished, based on three different enzyme deficien- 
cies. The most commonly detected type, classical 
galactosemia or galactosemia type 1, is caused 
by a deficiency of galactose- 1 -phosphate uridyltrans- 
ferase. Galactosemia type 2 is caused by galactokinase 
deficiency. Galactosemia type 3 is the result of a defi- 
ciency of uridine diphosphate galactose-4-epimerase. 
All three types have an autosomal recessive mode of 
inheritance. 

Galactosemia type 1 has an incidence of 1:30,000 to 
1:60,000. Affected infants are normal at birth. Clinical 
manifestations develop a few days after the baby has 
started to have milk feeds. Symptoms include a failure 
to thrive, refusal to feed, vomiting, diarrhea, and 
hypotonia. Signs of deranged liver function with 
jaundice and hepatomegaly usually become apparent 
after the first week of life. Hemolysis occurs in some 
patients, contributing to the jaundice. There is an 
enhanced susceptibility to infections, in particular 
Escherichia coli infections. Sepsis often develops 
within the first 2 weeks of life. Ascites may occur and 
is a serious prognostic sign with an associated mor- 
tality of about 20%. Cataracts appear within days or 
weeks and become irreversible within a matter of 
weeks. There may be signs of elevated intracranial 
pressure with lethargy and diffuse cerebral edema on 
neuroimaging. If milk is not withdrawn, neonatal 
death may follow. 

There are less severe variants of the disease. Clini- 
cal presentation may be later and less life-threaten- 
ing. Some patients are seen later in the first year of life 
because of retarded psychomotor development, 
cataracts, and hepatomegaly. In rare cases, a child 
who is several years of age is presented with psy- 
chomotor retardation and cataracts. These children 
often have a history of reduced milk intake because of 
recurrent vomiting after drinking milk. 

If galactose is not eliminated from the diet, 
cataracts, progressive liver failure, and mental defi- 
ciency develop in patients surviving the neonatal pe- 
riod. A galactose-free diet causes a striking regression 
of all signs and symptoms. Nausea and vomiting 
cease, lethargy disappears, weight gain ensues, liver 
problems clear, and cataracts regress. However, the 
long-term outcome is less optimistic. Over the years, 



verbal and performance IQ slowly decline, and a sub- 
stantial number of patients have subnormal intelli- 
gence. School achievements are often worse than 
those of healthy sibs. At the end of the first decade of 
life, many children develop tremor, resting and pos- 
tural. Other neurological signs that may develop over 
the years include a cerebellar ataxia with clumsiness, 
intention tremor and dysdiadochokinesis, hyper- 
reflexia, apraxia, seizures, and choreoathetosis. Some 
children have microcephaly. Many children have 
speech abnormalities, varying from dysarthria, verbal 
dyspraxia, and dysgrammatism to stuttering. Delayed 
growth is especially seen in girls, but final height is 
usually within normal limits. A high incidence of 
ovarian failure with hypergonadotropic hypogo- 
nadism has been documented in female patients. It 
may be manifest as delayed puberty, primary or sec- 
ondary amenorrhea, or oligomenorrhea. Amenor- 
rhea can also occur after pregnancy. Successful preg- 
nancies in female patients are rare, but may occur. No 
correlation between onset and strictness of diet and 
development of late complications has ever been es- 
tablished. A relationship between development of 
cataract and dietary control is present. With introduc- 
tion of tighter dietary control, lens opacities usually 
gradually resolve. The patients with milder variants of 
galactosemia type 1 have a better outlook with nor- 
mal physical, motor and mental development when 
treated. 

In patients with signs of CNS problems, EEG often 
shows nonspecific abnormalities. SSEPs show pro- 
longed central conduction times. 

Galactosemia type 2 is much rarer than type 1, and 
much milder. Cataracts are the only consistent mani- 
festation of the untreated disorder. They develop in- 
sidiously within weeks of birth. In exceptional cases, 
mild hepatomegaly, mental retardation, or pseudotu- 
mor cerebri have been described. 

Galactosemia type 3 exists in two forms. Infants 
with the mild form appear healthy and remain so. The 
severe form is similar to galactosemia type 1. Presen- 
tation is neonatal with jaundice, vomiting, weight 
loss, hypotonia, and hepatomegaly. Despite treat- 
ment, motor and intellectual development is retarded 
and neural deafness is present. 

Whenever the diagnosis galactosemia is consid- 
ered in neonates, it is essential to stop milk feeding 
immediately. In galactosemia type 1, a positive reduc- 
tion test in urine may be the first diagnostic lead. 
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Apart from galactosuria, there may be evidence of a 
renal tubular defect with some proteinuria, gluco- 
suria, amino aciduria, phosphaturia, and renal tubu- 
lar acidosis. Galactitol in urine is elevated. The inter- 
mittent nature of the galactosuria makes its detection 
difficult, in particular when milk feeds are withheld 
from very ill infants. The diagnosis is confirmed by 
the finding of high levels of galactose- 1 -phosphate in 
red blood cells and the demonstration of a deficiency 
of galactose- 1 -phosphate uridyltransferase in red or 
white blood cells. The assay on red blood cells may, of 
course, be falsely negative after exchange blood trans- 
fusion. When a child has received exchange transfu- 
sion, assays in blood must be postponed for 3-4 
months. Enzyme activity can also be determined in 
cultured skin fibroblasts. Patients with some residual 
enzyme activity appear to follow milder clinical 
courses (mild variants) than patients with no demon- 
strable activity. 

In galactosemia type 2, elevated galactose is found 
in blood and urine. Galactose- 1 -phosphate is not ele- 
vated. Final diagnosis is established by demonstrating 
of a deficiency of galactokinase in red blood cells or 
fibroblasts. 

In galactosemia type 3, elevated galactose is pre- 
sent in blood and urine. The diagnosis may be sus- 
pected when galactose- 1 -phosphate in erythrocytes 
is elevated and the activity of galactose- 1 -phosphate 
uridyltransferase is normal. The diagnosis can 
be confirmed by demonstrating a deficiency of 
epimerase activity in red blood cells and leukocytes. 
In the mild form of galactosemia type 3, the enzyme 
deficiency is limited to blood cells and normal activi- 
ty is found in fibroblasts and liver cells. In the severe 
form a generalized deficiency of epimerase is present. 

In several countries, mass newborn screening is 
performed. Diagnostic difficulties arise in cases of 
partial galactose- 1 -phosphate uridyltransferase defi- 
ciency. A mutation of the transferase gene, called the 
Duarte variant, causes diminished red cell transferase 
activity but usually no clinical disorder. The allelic 
frequency of the Duarte variant is high, and com- 
pound heterozygotes with one Duarte allele and one 
classical galactosemia allele constitute the most com- 
mon biochemical phenotype detected by screening 
newborn infants. This condition is usually benign, 
but neonates may have symptoms of galactose toxici- 
ty. Several other benign mutations of the galactose- 1- 
phosphate uridyltransferase gene have been de- 
scribed. 

Prenatal diagnosis can be performed by analysis of 
galactitol in amniotic fluid, by enzyme analysis in 
chorionic villus cells or amniotic fluid cells, and by 
DNA techniques. Prenatal diagnosis, however, is only 
rarely performed with a view to terminating the 
affected pregnancy. 



49.2 Pathology 

Few neuropathological descriptions are present and 
they only concern patients with classical galacto- 
semia (type 1). External examination often reveals 
the brain to be mildly atrophic. The most prominent 
findings concern the cerebral white matter and cere- 
bellar cortex. The cerebral white matter is diffusely 
gliotic. On myelin staining, patchy pallor is found, but 
no signs of active demyelination. The white matter 
changes are most pronounced in the periventricular 
area. The white matter may be reduced in volume 
with some enlargement of the lateral ventricles and 
subarachnoid spaces. The cerebral cortex may either 
be normal or exhibit some neuronal loss. Gliosis and 
pigmentary degeneration of the globus pallidus and 
reticular zone of the substantia nigra have been de- 
scribed. There is a loss of Purkinje cells within the 
cerebellar cortex. 



49.3 Pathogenetic Considerations 

Galactose is metabolized in three sequential enzy- 
matic steps. The first step comprises the phosphory- 
lation of galactose by galactokinase to form galac- 
tose- 1 -phosphate. The second step is mediated by 
galactose- 1 -phosphate uridyltransferase and results 
in an exchange of galactose- 1 -phosphate for the 
glucose- 1 -phosphate moiety of uridine diphosphate 
glucose to form uridine diphosphate galactose and 
free glucose- 1 -phosphate. In the third step, uridine 
diphosphate galactose is transformed to uridine 
diphosphate glucose by the enzyme epimerase. In this 
step galactose is converted to glucose. This step can be 
reversed, leading to endogenous synthesis of galac- 
tose from glucose. 

The most common type of galactosemia, type 1, 
is related to a deficiency of galactose- 1 -phosphate 
uridyltransferase. The gene encoding this enzyme, 
GALT y is located on chromosome 9pl3. A large num- 
ber of mutations have been described. Furthermore, 
gene polymorphism has been found, leading to en- 
zyme polymorphism. The most common variants are 
the Duarte variants (D x and D 2 ), but other benign 
variants have also been described. There is evidence 
that the molecular heterogeneity forms the explana- 
tion for the variable clinical outcome. 

The human galactokinase gene, GALK, is located 
on chromosome 17p24. Patients with galactokinase 
deficiency have mutations in this gene. A second 
GALK cDNA has been found on chromosome 15. It is 
clear that only the first gene on chromosome 17p24 
produces significant amounts of the enzyme; the role 
of the second gene is not known. 
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The epimerase gene, GALE, is located on chromo- 
some lp36. Different mutations have been detected in 
epimerase deficient patients. 

The pathogenetic mechanisms of tissue damage in 
galactosemia are understood to only a limited extent. 
The mechanisms may be organ-specific. 

Galactitol toxicity is probably responsible for the 
development of cataracts. In the presence of high 
galactose levels, the enzyme aldose reductase irre- 
versibly reduces galactose to galactitol. Very little 
galactitol leaves the intracellular compartment and 
no further metabolism is possible beyond the galacti- 
tol step. The intracellular concentration of galactitol 
increases and alters the cell osmotic environment. 
Water is drawn into the cell and results in lens 
swelling, with denaturation and precipitation of pro- 
teins and disruption of lens architecture. Aldose re- 
ductase activity is also present in the brain, where 
galactitol may accumulate intracellularly and con- 
tribute to cellular swelling and death, especially in the 
early, untreated stage. 

There is evidence that galactose- 1 -phosphate is 
responsible for many of the acute toxic effects in 
galactosemia, including liver, kidney, and brain 
damage. Galactose- 1 -phosphate may contribute to 
toxicity by reducing energy availability through inhi- 
bition of several enzymes involved in glucose metab- 
olism. 

The observations that a galactose-free diet is im- 
possible and that galactose and galactose- 1 -phos- 
phate can also be made from endogenous sources 
make it probable that galactose- 1 -phosphate and 
galactitol also contribute to the occurrence of late 
complications. 

Galactose is part of many complex glycoproteins 
and glycolipids. Defects in galactosylation of proteins 
and lipids has been proposed as pathogenetic mecha- 
nisms for organ damage in galactosemia, by analogy 
to the congenital defects in glycosylation. In particu- 
lar, the late complications of classical galactosemia 
have been ascribed to depletion of uridine diphos- 
phate galactose (UDP-galactose), one of the products 
of galactose- 1 -phosphate uridyltransferase activity. 
UDP-galactose is the donor of the galactosyl moiety 
in the biosynthesis of glycoproteins and glycolipids, 
including gangliosides, cerebroside, and sulfatide. A 
deficiency of UPD-galactose could limit the synthesis 
of these macromolecules, which include major myelin 
lipids. UDP-galactose is also needed for the synthesis 
of ovarian membrane glycoproteins and glycolipids. 
The theory is, however, difficult to reconcile with the 
metabolic pathways, which enable synthesis of UDP- 
galactose from glucose- 1 -phosphate by pyrophos- 
phorylase and epimerase. 

Depletion of rayo-inositol and inositol phospho- 
lipids has been found in the brain of galactosemia 
patients. Myo-inositol is synthesized from glucoses- 



phosphate. Aldose reductase is activated by high lev- 
els of galactose, and activation of this pathway leads 
to rayo-inositol depletion. Myo-inositol is an intracel- 
lular osmolyte. It is essential for the synthesis of inos- 
itol phospholipids, which are membrane compo- 
nents. An important surface signal transduction sys- 
tem relies on induction of hydrolysis of plasma mem- 
brane phosphoinositides to generate intracellular 
second messenger molecules, which induce the cell to 
respond to various extracellular agonists, such as 
neurotransmitters and peptide hormones. Insuffi- 
cient levels of these membrane phosphoinositides 
may lead to impaired cell function. 



49.4 Therapy 

The predominant source of galactose is lactose, pre- 
sent in mammalian milk or artificial milk formulae 
and milk products. Lactose is a disaccharide. Prior to 
absorption from the intestine it is hydrolyzed to its 
constituent monosaccharides, glucose and galactose. 
Galactose is subsequently converted to glucose. Pa- 
tients with galactosemia type 1 are treated with a 
galactose-free diet, causing all symptoms of acute 
galactose toxicity to disappear, including vomiting, 
diarrhea, jaundice, hepatomegaly, cerebral edema, 
and cataracts. Levels of galactose- 1 -phosphate in red 
blood cells and galactitol in urine drop. Treatment 
monitoring by assessment of galactose- 1 -phosphate 
in red blood cells or galactitol in urine is of limited 
value, since even with strict adherence to diet the val- 
ues remain elevated. After increased galactose intake, 
it takes several weeks before galactitol in urine rises 
and even longer before galactose- 1 -phosphate rises. 
On the whole, changes in galactose intake have rela- 
tively little effect on metabolite levels. Perfect treat- 
ment is not attainable, probably because food prod- 
ucts may still contain some galactose and, possibly 
more importantly, because of endogenous produc- 
tion of galactose from glucose. There is no evidence 
that the occurrence of late complications depends on 
strictness of compliance with the diet, which is also 
an argument in favor of endogenous galactose pro- 
duction. In addition, an abnormal prenatal intrauter- 
ine biochemical environment may be responsible for 
part of the cerebral and ovary dysfunction, which 
cannot be reversed by postnatal treatment. 

There is no evidence that dietary treatment of 
heterozygous mothers pregnant with a galactosemic 
fetus has beneficial effects. Lactation in galactosemic 
mothers may cause a significant rise in galactose- 1- 
phosphate in red blood cells and galactitol in urine. 
Considering these biochemical signs of self-intoxica- 
tion, breast feeding is discouraged. Hormonal re- 
placement therapy is given to female patients with 
ovary dysfunction. 
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Treatment of galactosemia type 2 maybe limited to 
the elimination of milk from the diet. It is not neces- 
sary to apply a strict galactose-restricted diet. 

Treatment of the mild form of galactosemia type 3 
is not necessary. Treatment of the severe form is sim- 
ilar to treatment of galactosemia type l,but more dif- 
ficult. Patients with galactosemia type 3 are unable to 
synthesize galactose from glucose and are therefore 
dependent upon exogenous sources for galactose. 
When too small amounts of galactose are ingested, 
synthesis of galactosylated compounds, such as galac- 
toproteins and galactolipids (present in myelin 
lipids), is impaired. Unfortunately, there is no easily 
available chemical parameter for monitoring how 
much galactose should be used. 



49.5 Magnetic Resonance Imaging 

Neuroimaging reports all relate to galactosemia type 
1. CT scan of the brain has been reported to show 
signs of generalized atrophy in patients with neuro- 
logical abnormalities. The ventricular system may be 
enlarged and the cerebellum atrophic. 



The first abnormality noted by MRI is that after 
normal initial myelination the directly subcortical 
white matter does not become as hypointense on T 2 - 
weighted images as in normal children older than 
lyear, indicating hypomyelination (Figs. 49.1 and 
49.2). This can still be seen in teenage and adult pa- 
tients (Fig. 49.3). In addition, multiple foci of high sig- 
nal intensity are seen in many patients, spread over 
the hemispheric white matter (Figs. 49.1 and 49.3). 
The foci are bilateral and more or less symmetrical in 
distribution, although not perfectly symmetrical. The 
white matter abnormalities are most pronounced in 
the periventricular area, round the frontal and occip- 
ital horns. In many patients the ventricular system is 
slightly enlarged. Cerebellar foliae are prominently 
visible in some patients. In patients with mild vari- 
ants of galactosemia type 1 no abnormalities are not- 
ed on MRI. 

In the early, untreated stages of the disease, proton 
MRS shows the presence of highly elevated peaks at 
3.67 and 3.74 ppm, representing galactitol. In treated 
patients brain galactitol is below the level of detection 
for in vivo proton MRS. Under treatment, myo-inosi- 
tol levels have been found to be normal. 
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Fig. 49.1. A 4-year-old boy with galactosemia type 1. Note 
the seriously delayed myelination.lnaddition,theT 2 -weighted 
images show foci of elevated signal intensity in the periven- 



tricular region, most marked posteriorly. The FLAIR images 
{third row) confirm the white matter abnormalities 
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Fig. 49.2. A 6-year-old girl with galactosemia type 1 . Again the process of myelination is seriously delayed. The anterior tempo- 
ral white matter displays an abnormal signal 




Fig. 49.3. Girl, 14 years of age, with galactosemia type 1.TheT 2 -weighted images show a combination of hypomyelination and 
patchy high signal intensity white matter abnormalities, consistent with gliosis 



Chapter 50 



Sjdgren-Larsson Syndrome 



50.1 Clinical Features 

and Laboratory Investigations 

Sjogren-Larsson syndrome (SLS) is a rare disorder 
with an autosomal recessive mode of inheritance. The 
three cardinal clinical signs are mental retardation, 
congenital ichthyosis, and spastic diplegia or tetra- 
plegia. Most patients are born prematurely. The 
ichthyosis is usually present at birth and initial pre- 
sentation may be as a collodion baby. The ichthyosis 
tends to worsen with time, and usually presents after 
infancy as a brownish verrucous, lichenified hyperk- 
eratosis, more pronounced on the lateral aspects of 
the trunk, neck, lower abdomen, and the main flex- 
ures, with marked pruritus. The face is usually spared. 
Palms and soles may show hyperkeratosis and 
desquamation, but abnormalities are usually mild. 
Hair and nails are normal. The spasticity usually be- 
comes manifest between 4 and 30 months of age. 
Many of the patients are never able to walk without 
assistance, and a considerable number are wheel- 
chair-dependent. Those able to walk have a typical 
spastic gait. Tendon reflexes are high, and bilateral 
Babinski signs are often present. Mental deficiency 
varies from moderate to severe. Speech defect is usu- 
ally present and can be attributed to a combination of 
mental deficiency and pseudobulbar palsy. Occasion- 
ally epilepsy is present. SLS patients have ocular ab- 
normalities, consisting of bilateral glistening yellow- 
white dots in the macular region of the retina. They 
appear during the first 2 years of life and become 
more numerous over time. Photophobia and subnor- 
mal vision are frequently present. Short stature and 
thoracolumbar kyphoscoliosis may be present. The 
disease is not clearly progressive; the clinical signs are 
more or less stable over the years; most patients sur- 
vive into adulthood. There is no correlation between 
the severity of the neurological symptoms and the 
ichthyosis. 

The clinical diagnosis of SLS is confirmed by find- 
ing deficient fatty alcohol-NAD + oxidoreductase ac- 
tivity in leukocytes and cultured fibroblasts and DNA 
analysis. Carrier detection can be performed by en- 
zyme assessment in cultured fibroblasts or DNA 
analysis. Prenatal diagnosis is possible with the help 
of enzyme assessment or DNA techniques in families 
with known mutations. 



50.2 Pathology 

The external appearance of the brain is normal. A 
considerable deficit in myelin is seen in the periven- 
tricular and deep white matter, the area involved ex- 
tending from frontal to occipital, sparing the U fibers. 
Ballooning of myelin sheaths is a notable feature 
within the areas of myelin deficit. Lipid-laden 
macrophages and histiocytes are present. Small lipid 
droplets are contained in the cytoplasm of microglia, 
scattered diffusely through the white matter. In the 
area of myelin paucity, degeneration and loss of axis 
cylinders and astrocytosis are found. The corpus cal- 
losum is well myelinated. Within the brain stem the 
pyramidal tracts show a deficit in myelin and loss of 
axis cylinders. Myelin paucity is also demonstrated in 
some of the descending tracts of the spinal cord, 
including the lateral corticospinal tracts, but the as- 
cending tracts are normal. Cerebellar white matter is 
normal. 

Microscopy of the cerebral cortex and central 
brain nuclei reveals in all areas an increase in astro- 
cytes and accumulation of sudanophilic droplets of 
fat. Within the cerebellar cortex some loss of Purkin- 
je cells is seen. Some neuronal cell loss may also be 
seen in the cerebral cortex, in particular Betz cells in 
the motor cortex, and in the basal ganglia, in particu- 
lar in putamen and substantia nigra. 



50.3 Pathogenetic Considerations 

The basic defect of SLS is an impairment in fatty alco- 
hol oxidation due to deficient activity of fatty alcohol- 
NAD + oxidoreductase. This enzyme consists of two 
proteins that sequentially catalyze the oxidation of 
fatty alcohol to fatty aldehyde and fatty acid, reactions 
that are catalyzed by fatty alcohol dehydrogenase and 
fatty aldehyde dehydrogenase, respectively. SLS pa- 
tients are specifically deficient in the fatty aldehyde 
dehydrogenase component. The gene coding for the 
enzyme is called FALDH or, more recently, ALDH3A2 
and is located on chromosome 17pl 1.2. The enzyme 
has a microsomal location. Fatty aldehyde dehydroge- 
nase is necessary for the oxidation of fatty aldehydes 
derived from metabolism of fatty alcohols, phytanic 
acid, ether glycerophospholipids, and leukotriene B 4 . 
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Fatty aldehydes and fatty alcohols are aliphatic 
lipids that exist as free molecules or as components of 
other lipids. As a consequence of the enzyme defi- 
ciency, fatty alcohols accumulate in SLS patients (oc- 
tadecanol and hexadecanol). The levels of free fatty 
alcohols are increased in cultured fibroblasts and 
plasma. Although the primary enzyme deficiency is at 
the aldehyde step of the fatty alcohol oxidation, free 
fatty aldehydes are not increased in blood or cultured 
fibroblasts. This suggests that the defect in fatty alde- 
hyde dehydrogenase results in a concomitant block- 
age of the fatty alcohol dehydrogenase within the 
enzyme complex, which limits the production of alco- 
hol-derived fatty aldehyde. Another explanation 
would be that the aldehyde substrates are diverted 
into other metabolites. 

The symptoms of SLS patients probably arise from 
membrane alterations resulting from accumulation 
of fatty- alcohol- or fatty- aldehyde -modified lipids 
and proteins. The biological consequences of either 
long- chain fatty alcohol or fatty aldehyde accumula- 
tion are unknown. Long-chain alcohols have been 
shown to partition into artificial lipid bilayers and 
synaptic vesicles. Accumulation of fatty alcohols in 
the skin of SLS patients probably alters the epidermal 
water barrier, which is critically dependent on 
the lipid composition of the stratum corneum, and 
leads to increased transepidermal water loss and 
ichthyosis. Furthermore, the catabolism of ether 
phospholipids (including plasmalogens) and sphin- 
golipids, both of which are major components of 
myelin, generates fatty aldehydes that may be sub- 
strates for fatty aldehyde dehydrogenase. Accumula- 
tion of fatty alcohols or fatty aldehydes in myelin 
could alter myelin stability and lead to myelin loss. 

It has been shown that fatty aldehyde dehydroge- 
nase is also important in the a-oxidation of phytanic 
acid. The enzyme is involved in the conversion of 
pristanal into pristanic acid. Surprisingly, SLS pa- 
tients do not accumulate phytanic acids in their plas- 
ma. It may be that another fatty aldehyde dehydroge- 
nase takes over. 

Fatty aldehyde dehydrogenase is involved in the oo- 
oxidation of leukotriene B 4 . Leukotriene B 4 is a potent 
proinflammatory mediator, synthesized from arachi- 
donic acid. It is predominantly produced by polymor- 
phonuclear leukocytes. The inactivation of leuko- 
triene B 4 is regulated by microsomal oo-oxidation. 
The urinary levels of leukotriene B 4 and its metabolite 
oo -hydroxy leukotriene B 4 are elevated in SLS 
patients, oo- Hydroxy leukotriene B 4 is converted to 
oo-aldehyde leukotriene B 4 and subsequently oo-car- 
boxy leukotriene B 4 . Urinary oo-carboxy leukotriene 
B 4 is not detectable, indicating a block in the degrada- 
tion of leukotriene B 4 at the level of the conversion of 
oo-aldehyde leukotriene B 4 to oo-carboxy leukotriene 
B 4 . Elevated levels of leukotriene B 4 and oo -hydroxy 



leukotriene B 4 are probably responsible for the pruri- 
tus. There is evidence that leukotriene B 4 probably 
plays a role during labor. Placental leukotriene B 4 pro- 
duction is low during the third trimester of pregnan- 
cy and increases in spontaneous labor. Elevated levels 
produced by the fetus may lead to preterm birth. 



50.4 Therapy 

Several studies have been performed in which dietet- 
ic therapy was aimed at the primary biochemical 
defect, trying to block the exogenous admission of 
toxic substances, the fatty alcohols. Unfortunately 
these studies had little if any success at all. Leuko- 
triene B 4 is synthesized from arachidonic acid via the 
lipoxygenase pathway. The drug zileuton, used in 
asthma, inhibits 5 -lipoxygenase and has a beneficial 
effect on the pruritus in patients. A favorable behav- 
ioral effect has also been observed. Some patients 
have been treated with acitretin, a retinoid, which 
leads to a marked improvement of the ichthyosis and 
pruritus. Symptomatic treatment includes care of the 
dermatological and neurological problems. 



50.5 Magnetic Resonance Imaging 

CT reveals diffuse or patchy cerebral white matter hy- 
podensities, most marked in the frontal area. No en- 
hancement is present after contrast administration. 

MRI may show three types of white matter abnor- 
malities. First of all, the process of myelination is 
mildly delayed and appears not to reach completion 
in SLS patients (Figs. 50.1 and 50.2). The directly sub- 
cortical U fibers and the white matter of the anterior 
part of the temporal lobes, which are normally among 
the last to reach complete myelination, retain a slight- 
ly higher signal intensity than the adjacent cortex on 
T 2 -weighted images. Secondly, some patients have a 
symmetrical periventricular rim of markedly in- 
creased signal intensity, most often predominantly 
involving the frontal and parietal lobes (Fig. 50.2). 
Thirdly, other patients have a symmetrical periven- 
tricular rim of slightly to mildly increased signal in- 
tensity, which often has a more posterior predomi- 
nance (Fig. 50.3). The white matter changes become 
apparent during the process of myelination and seem 
to be stable. Follow-up MRI does not show an increase 
in the extent or severity of the white matter signal 
changes. In exceptional cases the white matter abnor- 
malities are not confluent, but multifocal (Fig. 50.1). 
Typically, the corpus callosum and cerebellar white 
matter are spared. In exceptional cases the corpus cal- 
losum shows signal abnormalities. Brain stem pyra- 
midal tract involvement may be seen. Mild cerebral 
atrophy is common leading to mild but sometimes 
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Fig. 50.1 . A 2-year-old patient with SLS. Myeli nation is incom- signal abnormalities in the periventricular white matter. Cour- 
plete. The T 2 -weighted images show a high signal in the tesy of Dr. M.A.A.P. Willemsen, Department of Pediatric Neu- 
directly subcortical white matter in all areas. There are focal rology, University Medical Center Nijmegen,The Netherlands 




Fig. 50.2. A 10-year-old boy with SLS. Myelination is still have a sharp demarcation. The corpus callosum is largely 

incomplete, which is best seen in the basotemporal white mat- spared. Courtesy of Dr. M.A.A.P. Willemsen, Department of 

ter {second row, right). There are prominent signal abnormali- Pediatric Neurology, University Medical Center Nijmegen,The 

ties in the periventricular and deep white matter, most pro- Netherlands 
nounced in the frontoparietal region. The signal abnormalities 
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Fig. 50.3. An 8-year-old patient with SLS, brother of the pa- 
tient shown in Fig. 50.2. In this patient there is a periventricular 
rim of mild signal abnormality, most pronounced in the poste- 



rior region. The rim is poorly demarcated. Courtesy of Dr. 
M.A.A.P. Willemsen, Department of Pediatric Neurology, Uni- 
versity Medical Center Nijmegen,The Netherlands 



more marked dilatation of the lateral ventricles. 
There is no correlation between the severity of the 
white matter abnormalities and the severity of the 
neurological problems or the age of the patient. 

MRS consistently shows a high and narrow peak 
at 1.3 ppm and a much smaller peak at 0.9 ppm in 
spectra of the cerebral white matter of SLS patients. 



These resonances have been assigned to methylene 
and methyl groups of lipids, respectively. It is highly 
likely that the peaks represent accumulating fatty 
alcohols or fatty aldehydes. The peaks have their 
greatest height within the abnormal white matter. 
Neither of the peaks is seen in spectra from the cere- 
bral cortex. 



Chapter 51 

Lowe Syndrome 



51.1 Clinical Features 

and Laboratory Investigations 

Lowe syndrome, or oculocerebrorenal syndrome of 
Lowe (OCRL), is a rare, X-linked hereditary disease. It 
is present in all races, with a predominance in those of 
Caucasian and Asian ancestries. Rarely females are 
affected like males. 

Males with OCRL present with congenital ocular 
manifestations including cataract, often associated 
with glaucoma and miotic pupils. Buphthalmos may 
be present. Sight is poor and eye movements are nys- 
tagmoid. Additional early features include muscle hy- 
potonia, hyporeflexia, or areflexia and hypermobility 
of the joints. During the first year of life psychomotor 
developmental delay becomes evident. The infants 
have excessive crying with a high-pitched scream. 
Asymptomatic amino aciduria and proteinuria are 
usually found during this stage. 

During early childhood the symptoms of renal 
tubular dysfunction develop with metabolic acidosis 
and losses of calcium and phosphate. Severe deminer- 
alization and rickets may develop and lead to fre- 
quent fractures, pain, and delay of normal physical 
development. Many patients develop scoliosis. Linear 
growth decreases after 1 year of age, and between 1 
and 3 years of age height falls below the third per- 
centile. Head circumference is either normal or bor- 
derline microcephalic. Noninflammatory arthro- 
pathy of unknown pathogenesis with pain, joint 
swelling, and contractures may occur, affecting both 
large and small joints. Mental retardation is usually 
moderate, but intelligence varies between normal and 
profoundly decreased. Some patients have epilepsy. 
Unusual stereotypic movements are often seen, espe- 
cially repetitive shaking of limbs. Maladaptive behav- 
ior is frequently present and consists of temper 
tantrums, high-pitched scream, and stubbornness. A 
later occurring ocular complication is corneal keloid, 
consisting of scar-like opacifications of the cornea 
that can develop spontaneously or following trauma. 
The frequency of corneal keloid increases with age in 
OCRL patients. 

Patients with OCRL continue to grow in early 
adulthood. Final height, however, remains below the 
third percentile of normal values. Severe bone disease 
leads to orthopedic disability. Renal dysfunction is 
slowly progressive with decreasing glomerular filtra- 
tion rates. Terminal renal failure occurs in the mid- 



thirties. Death may occur between the first and the 
fourth decade, secondary to inanition, pneumonia, or 
uremia. 

Laboratory findings show renal tubular dysfunc- 
tion similar to Fanconi syndrome. The tubular dys- 
function leads to urinary loss of bicarbonate, glucose, 
calcium, phosphorus, protein, and amino acids. The 
results are metabolic acidosis, hypophosphatemia, 
secondary hyperparathyroidism, and rickets. Urinary 
excretion of carnitine is increased with decreased 
serum carnitine. The serum muscle enzymes creatine 
kinase, aspartate aminotransferase, and lactate dehy- 
drogenase are sometimes elevated. Over the years 
progressive glomerular dysfunction develops with 
uremia. A linear relation between reciprocal serum 
creatine level and age reflects the progressive renal 
failure. Abnormalities of blood chemistry values are 
mitigated by replacement therapy for renal tubular 
losses. 

Skeletal X-ray examinations reveal rachitic changes. 
EEG often shows nonspecific abnormalities, some- 
times epileptic activity. 

Progressive lenticular opacities are present in OCRL 
carriers, and even young carriers can be identified 
reliably in this way in known OCRL families. Lack of 
opacities in females cannot be considered as proof of 
not being a carrier, but is suggestive. 

The biochemical assay for deficiency of phos- 
phatidylinositol 4,5-biphosphate 5 -phosphatase in 
cultured fibroblasts is the definitive laboratory test 
for diagnosing patients and can be used for prenatal 
diagnosis. DNA techniques are available for diagnos- 
tic confirmation in patients, for carrier detection, and 
for prenatal diagnosis. De novo mutations or sporadic 
cases are frequent. Somatic and germline mosaicism 
has been described and must be taken into account 
for genetic counseling. 



51.2 Pathology 

In OCRL, data on neuropathological findings are lim- 
ited. The brain weight is usually below normal. Mod- 
erate, diffuse atrophy may be seen with cerebral vol- 
ume loss, some ventricular enlargement and thinning 
of the corpus callosum. The meninges are diffusely 
fibrotic without inflammatory changes. 

Variable cortical changes have been described 
ranging from normal to neuronal loss in combination 
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with gliosis. Evidence of aberrant neuronal migration 
with pachygyria or polymicrogyria has also been re- 
ported. 

The white matter changes described are variable. 
The most frequent finding is gliosis. More or less 
prominent myelin paucity has been described, either 
focal or diffuse. White matter abnormalities are most 
pronounced in the centrum semiovale and periven- 
tricular white matter. Spongy changes have been 
observed, frequently associated with perivascular 
lacunes. Active myelin breakdown has never been 
reported, and the myelin paucity is usually ascribed 
to deficient myelination. In rare cases, the white mat- 
ter is normal. 

The cerebellum maybe atrophic or normal. Gliosis 
of the cortex and white matter have been observed. 

Variable and inconsistent abnormalities of the pe- 
ripheral nervous system have been reported. Nerve 
biopsy has been found to exhibit signs of axonal neu- 
ropathy in several, but not all patients. Muscle biopsy 
has indicated selective type 1 fiber atrophy with mild 
type 1 fiber predominance, considered to be consis- 
tent with congenital fiber type disproportion myopa- 
thy or, alternatively, to abnormal neuronal influence 
upon muscle. In other patients, muscle biopsy re- 
vealed no abnormalities. 

Renal pathology demonstrates dilated tubules with 
atrophy of tubular epithelium. Many tubules contain 
eosinophilic, granular protein casts. Interstitial fibro- 
sis is present. Glomerular changes have been ob- 
served, in particular on ultrastructural examination. 
Glomerular endothelial cells may be swollen with a 
reduction in the number of endothelial slit pores, 
fusion of endothelial foot processes, and thickening 
of the glomerular basement membrane. 



51 .3 Pathogenetic Considerations 

OCRL is caused by defects in the OCRL1 gene, located 
on chromosome Xq25-26. The gene product is 
phosphatidylinositol 4,5-biphosphate (PIP 2 ) 5 -phos- 
phatase, an inositol polyphosphate 5-phosphatase be- 
longing to the type II 5-phosphatase family. The type 
II phosphatases hydrolyze both water-soluble and 
lipid inositol polyphosphate substrates, whereas the 
type I phosphatases only hydrolyze water-soluble 
substrates. However, PIP 2 5-phosphatase prefers the 
lipid substrate phosphatidylinositol 4,5-biphosphate. 
Many different mutations of the OCRL1 gene have 
been described in patients, most of which are truncat- 
ing mutations or missense mutations in conserved 
domains of the protein. In highly exceptional cases, 
the OCRL phenotype has been observed in female 
patients. In some of these female patients there is a 
mutation in the OCRL1 gene on one chromosome, 
whereas there is a deletion of the region on the other 



X chromosome. OCRL may also occur in XO patients. 
Unfortunate X inactivation is another possibility 
explaining exceptional female patients. 

Inositol containing phospholipids are collectively 
referred to as phosphoinositides or phosphatidyli- 
nositols. They are minor but ubiquitous components 
of eukaryotic membranes. Phosphoinositides are 
important in signal transduction. The subcellular 
localization of PIP 2 5-phosphatase is in the trans- 
Golgi network. The substrate of this enzyme, phos- 
phatidylinositol 4,5-biphosphate, serves as a sub- 
strate for the production of second messengers, pro- 
motes the polymerization of actin cytoskeleton, and 
plays a role in vesicular trafficking. In fibroblasts of 
Lowe patients a decrease in long actin stress fibers, 
enhanced sensitivity to actin depolymerizing agents, 
and an increase in actin staining in a distinctly anom- 
alous distribution in the center of the cells have been 
demonstrated. Two actin-binding proteins, gelsolin 
and a-actinin, proteins regulated by both PIP 2 and 
Ca 2+ , have been found to have an abnormal distribu- 
tion. Actin polymerization plays a key role in the for- 
mation, maintenance, and proper function of tight 
junctions and adherens junctions, which are critical 
in renal proximal tubule function and the differentia- 
tion of the lens. The relationship with the encephalo- 
pathy is less clear. 



51.4 Therapy 

The nephrologist should manage both the tubular 
and glomerular complications associated with the 
renal disease in OCRL. In renal tubular acidosis and 
rickets a combination of sodium-potassium citrate, 
phosphorus, and large doses of vitamin D has a ben- 
eficial effect. Ocular surgery is essential to prevent 
total blindness. The retina in patients with OCRL is 
usually well-formed and capable of receiving a light 
stimulus. 



51.5 Magnetic Resonance Imaging 

MRI in OCRL shows a more consistent pattern of 
abnormalities than would be suggested by the neu- 
ropathology. In patients with an advanced degree of 
myelination patchy, small and larger, isolated and 
partially confluent white matter changes are visible, 
suggestive of gliosis (Figs. 51.1 and 51.2). During the 
first months of life these white matter abnormalities 
may not be noticeable within the still unmyelinated 
white matter. The changes are most pronounced in 
the periventricular area and centrum semiovale, 
whereas the U fibers, corpus callosum, internal cap- 
sule, brain stem, and cerebellum are spared. The white 
matter abnormalities are highly variable in extent. In 
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Fig. 51.1. MR study of a 1 7-month-old boy with OCRLThere are multifocal small lesions in the periventricular white matter and 
small cysts within the abnormal white matter 



some patients only a few, small white matter lesions 
are present (Fig. 51.1), whereas in other patients the 
lesions are much more extensive (Fig. 51.2). The dis- 
tribution of the white matter changes is symmetrical 
globally, but not in detail. Often multiple small cystic 
lesions are seen within the abnormal white matter. 
Mild ventriculomegaly may be present. No major cor- 
tical abnormalities have been reported. 



The MRI pattern of multifocal, irregular, patchy 
white matter abnormalities with small cysts is remi- 
niscent of the patterns seen in hypomelanosis of Ito 
and some mucopolysaccharidoses. 
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Fig. 51.2. 
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Fig. 51.2. An 8-year-old boy with OCRLTheT 2 -weighted im- 
ages {second and third rows) show multifocal small and larger, 
partially confluent lesions in the periventricular and deep 
white matter. The sagittal ^-weighted {first row) and axial 
FLAIR images {fourth row) reveal a multitude of small cysts 
within and outside the abnormal white matter. Courtesy of Dr. 
L. Charnas, Department of Pediatric Neurology, and Dr. C Peter, 
Department of Pediatric Hemato-Oncology and Bone Marrow 
Transplantation, University of Minnesota, Minneapolis, USA 



Chapter 52 

Wilson Disease 



52.1 Clinical Features 

and Laboratory Investigations 

So-called hepatolenticular degeneration was first 
described by the English neurologist S.A.K. Wilson in 
1912 and has been named after him. Wilson disease 
(WD) is a genetically determined, autosomal reces- 
sive disease with a prevalence of 20 to 30 per million. 
The clinical picture is extremely variable, depending 
among other things on the age at presentation. Pa- 
tients present with hepatic, neurological, or psychi- 
atric symptomatology in roughly equal proportions, 
with some overlap. In children, hepatic manifesta- 
tions predominate, whereas in adolescents and adults 
neuropsychiatric manifestations are more frequent. 
Symptoms rarely occur before the age of 6, and half of 
the patients are symptomatic by the age of 15. Onset 
after the age of 40 is rare, but patients presenting in 
the fifth and sixth decades of life have been described. 

Hepatic manifestations in WD encompass a spec- 
trum of acute and chronic liver diseases. Some pa- 
tients, usually younger ones, present with fulminant 
hepatic failure, leading to jaundice, hypoalbumine- 
mia, ascites, coagulation defects, hyperammonemia, 
and hepatic encephalopathy. Massive liver failure in 
WD is often accompanied by hemolytic anemia. How- 
ever, if the liver failure is less massive, only some of 
the features of this syndrome may be present. In old- 
er patients liver failure tends to be chronic and is as- 
sociated with portal hypertension, leading to gastric 
or esophageal varices and/or hypersplenism with 
thrombopenia or leukopenia. In addition, these 
patients often have hypoalbuminemia, edema, and 
ascites. Some patients present with a picture of acute 
hepatitis, which subsides spontaneously, and may be 
attributed mistakenly to a viral infection. In some 
patients cirrhosis is well compensated and the results 
of standard liver biochemical tests are normal. Most 
patients with WD, whatever their clinical presentation 
or presymptomatic status, have some degree of liver 
disease. 

Patient with WD who present with neurological 
disease are typically in their late teens or twenties. 
The signs and symptoms are usually chronic, but 
occasionally acute in presentation. Frequent early 
symptoms include tremor, speech problems, clumsi- 
ness, dystonia, and personality changes. The tremor 
may be unilateral or asymmetrical. Kayser-Fleischer 
rings are almost invariably present in patients with 



neurological manifestations of WD. The rings are 
typically 1-3 mm in diameter, green, yellow, or brown, 
and located at the periphery of the cornea. They 
begin as crescents in the superior quadrant and 
subsequently extend to the inferior, lateral, and medi- 
al regions until they become circumferential and 
broader, spreading centrally from the limbus. Kayser- 
Fleischer rings may sometimes be seen with the 
unaided eye, but a slit-lamp examination often is nec- 
essary to detect them. Adolescents may present with a 
deterioration of performance at school and in athlet- 
ics, difficulties with handwriting, and loss of dexteri- 
ty. Without treatment, neurological deterioration 
continues. The full-blown neurological picture of WD 
encompasses a variable combination of the following 
signs: dysarthria, drooling, dysphagia, grimacing, ab- 
normal eye movements, dystonia, rigidity, bradykine- 
sia, athetosis, wing beating, spasticity with increased 
tendon reflexes and Babinski signs, cerebellar ataxia, 
and tremor (resting, intention, or postural), but cog- 
nitive and sensory functions are typically preserved. 
Seizures may occur. Because of increasing difficulty 
in controlling movement, the patients become unable 
to feed themselves, and become bedridden. Flexion 
contractures develop. Ultimately, the patients become 
helpless, are usually alert, but unable to talk. 

Psychiatric and behavioral symptoms are variable 
and include reduced performance at school or at 
work, inability to cope, depression, labile moods 
ranging from mania to depression, sexual exhibition- 
ism, and psychosis. Personality changes, particularly 
irritability, emotionality, and increased anger are the 
most commonly noted problems. 

Ophthalmological abnormalities include, first and 
foremost, the Kayser-Fleischer rings, and, less fre- 
quently, sunflower cataracts consisting of green, gold- 
en-brown, or gray granular deposits in the lens of the 
eye, appearing as discoid opacities in the anterior lens 
capsule with petal-like fronds that radiate toward 
the lens periphery like a sunflower. Neither Kayser- 
Fleischer rings nor sunflower cataracts affect vision 
significantly. Kayser-Fleischer rings are found in al- 
most all patients with a neurological presentation and 
in about 30% of the patients with a hepatic presenta- 
tion. 

Hematological presentation is rare, but WD should 
be considered in young patients with nonspherocyt- 
ic, Coombs-negative intravascular hemolysis of un- 
clear etiology. Severe hemolysis frequently occurs in 
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the setting of fulminant hepatic failure and suggests a 
diagnosis of WD. 

Patients may have abnormalities of renal tubular 
function with amino aciduria, proteinuria, urico- 
suria, hypercalciuria, hyperphosphaturia, or defective 
urine acidification. Occasionally, full-blown Fanconi 
syndrome is present. Renal stones are not uncom- 
mon. 

Osteomalacia, rickets, osteoporosis, osteoarthritis, 
polyarthritis, localized bone demineralization, spon- 
taneous fractures, peri- and intra-articular calcifica- 
tions, and joint hypermobility may occur in WD. 
However, musculoskeletal symptoms are rarely the 
presenting complaints. 

Hyperpigmentation of the skin may occur. Con- 
gestive heart failure and cardiac dysrhythmias have 
been reported. The most frequent endocrinological 
disturbances are gynecomastia and delayed puberty 
due to hepatic dysfunction. Primary or secondary oli- 
go- or amenorrhea is common. Successful pregnancy 
is exceptional in untreated female WD patients, and 
spontaneous abortions occur frequently. 

There is often an unacceptable delay in establish- 
ing a diagnosis of WD. Whenever the diagnosis is sus- 
pected, Kayser-Fleischer rings should be sought by 
an experienced ophthalmologist using a slit-lamp. 
Kayser-Fleischer rings are almost always present in 
WD patients with neurological problems, but their 
absence does not mean the diagnosis is wrong. 
Kayser-Fleischer rings are also not pathognomonic 
for WD, but may be seen in some other hepatobiliary 
diseases or as a result of topical ocular application of 
copper-containing solutions. In most patients sus- 
pected of WD, the diagnosis is confirmed by the pres- 
ence of both Kayser-Fleischer rings and at least one, 
if not all three, of the biochemical markers: low serum 
level of ceruloplasmin, elevated free (nonceruloplas- 
min) serum copper concentration, and increased uri- 
nary copper excretion (24-h urine copper). However, 
the limited value of these tests should be recognized. 
Ceruloplasmin is low in about 80-90% of WD pa- 
tients, but some WD patients have levels in the low- to- 
normal range due to hepatic inflammation, hepatic 
neoplasm, pregnancy, or use of estrogen. A low serum 
ceruloplasmin level is found in up to 20 % of the het- 
erozygotes for WD, even though they will never devel- 
op symptoms of WD. Low serum ceruloplasmin can 
also be found in other hepatic disorders, normal 
neonates and young infants, patients with malabsorp- 
tion, malnutrition, or nephrosis, and in patients with 
hereditary hypoceruloplasminemia. Free serum cop- 
per and urinary copper concentrations can be elevat- 
ed in other hepatobiliary diseases. In case of doubt, in 
particular if the ceruloplasmin level is normal and/or 
Kayser-Fleischer rings are absent, conditions most 
often seen in patients with hepatic presentation, liver 
biopsy for quantitative copper analysis, and micro- 



scopic examination have a high diagnostic value. He- 
patic copper concentrations are always elevated in 
untreated WD patients and also higher in patients 
than in heterozygotes. Histological abnormalities in 
WD range from steatosis to cirrhosis. Liver histology 
is normal in heterozygotes. However, in patients with 
chronic cholestatic liver disease, elevations of liver 
copper concentrations may be similar to those in WD 
patients, and incidental WD cases with normal cop- 
per levels in single biopsies have been reported, re- 
lated to uneven copper distribution in the liver. In 
selected patients a test of incorporation of a copper 
isotope into serum ceruloplasmin is informative. Be- 
cause the biochemical copper profile of a normal 
neonate mimics that seen in WD and clinical manifes- 
tations of WD are rarely seen before the age of 6 years, 
conventional screening of potentially affected chil- 
dren should not be performed before the age of 2-3 
years. DNA techniques are available for definite diag- 
nosis in patients suspected of WD and for distinction 
between presymptomatic patients and heterozygotes 
in families with WD and known mutations. Prenatal 
diagnosis is possible using DNA techniques. 



52.2 Pathology 

External examination of the brain usually reveals no 
abnormalities except for some shrinkage of the insu- 
lar cortex. 

Within the brain parenchyma of patients with 
manifestations of CNS disease, lesions are invariably 
present in the corpus striatum, which appears 
shrunken. Cavitation is often present in the putamen, 
sometimes also in the caudate nucleus, rarely in the 
globus pallidus, thalamus, and red nucleus. On micro- 
scopic examination, neuronal loss is found in the 
putamen and caudate nucleus. Astrocytic prolifera- 
tion is present. Some astrocytes have the appearance 
of Alzheimer type II cells; few resemble Alzheimer 
type I cells. When cavities are present, variable num- 
bers of lipophages and siderophages are seen in rela- 
tion to the cavities; old and recent hemorrhages can 
be found. Depositions of copper have been described 
by some, in particular in the putamen. Less constant- 
ly and less severely involved nuclei are the globus pal- 
lidus, the subthalamic nucleus, the thalamus, dentate 
nucleus, substantia nigra, and other brain stem nu- 
clei. Opalski cells are typically present in the thala- 
mus, globus pallidus, and zona reticularis of the sub- 
stantia nigra, less often in the caudate nucleus and 
putamen. Opalski cells are large cells with volumi- 
nous cytoplasm and small nuclei. Like Alzheimer 
type I and type II cells, they are of astroglial origin. 
Alzheimer type I cells and Opalski cells are character- 
istic of WD. 
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In some patients destructive lesions are present in 
the cerebral cortex and white matter. The distribution 
of the cortical involvement corresponds with that of 
the white matter involvement. These lesions may be 
very impressive and exceed the lesions in the basal 
nuclei. The lesions are typically located in the superi- 
or and middle frontal gyri; widespread involvement 
posterior to the frontal lobes is uncommon. The 
changes are usually symmetrical, but may be asym- 
metrical. Cavitation of the white matter lesions may 
occur. The outer layers of the cortex always retain suf- 
ficient structural integrity to form a continuous shell. 
In microscopic examination of the affected cortex, the 
deep cortical layers appear to be affected predomi- 
nantly, whereas the more superficial cortical layers 
are relatively intact. The cortical abnormalities may 
have a spongiform appearance. Alzheimer types I and 
II cells and Opalski cells may be seen in the cerebral 
cortex. The white matter abnormalities vary from 
myelin paucity and spongy white matter degenera- 
tion to outright necrosis with presence of sudano- 
philic breakdown products. There may be prolifera- 
tion of Alzheimer type I and type II astrocytes and 
Opalski cells. 

The cerebellum is relatively spared. Some loss of 
cortical neurons may be seen. The dentate nucleus is 
more frequently involved. Cerebellar white matter 
pallor, gliosis, and degeneration have been described. 
Brain stem nuclei may be involved. 

In patients with fulminant liver failure, the cirrho- 
sis is predominantly micronodular, whereas in pa- 
tients with longstanding liver disease large areas of 
macronodular cirrhosis are found. In the periphery of 
the nodules, copper pigments may be demonstrated 
histo chemically. Electron microscopy demonstrates 
that hepatocytes contain giant mitochondria with 
paracrystalline inclusions. Multivesicular rounded 
granules in hepatocytes are thought to be character- 
istic of WD. 



52.3 Pathogenetic Considerations 

The gene responsible for WD is ATP7B, located on 
chromosome 13ql4.3. The gene product is a cation 
transporting P-type ATPase protein, called ATP7B or 
Wilson disease protein (WNDP). Many different 
mutations have been identified in WD patients. It is 
reasonable to assume that the type of mutation might 
account, at least in part, for the clinical variability 
observed in WD patients. However, most patients are 
compound heterozygotes, which hampers the study 
of genotype-phenotype correlations. Considerable 
clinical variation is seen among patients within the 
same family, suggesting influence of other genetic 
and environmental factors. 



Copper is an essential trace element, being an inte- 
gral component of many important enzymes involved 
in cellular processes such as oxidative metabolism, 
free radical detoxification, neurotransmitter biosyn- 
thesis, and iron homeostasis. In excess, copper is also 
a very toxic ion, because it can oxidize proteins and 
lipids in membranes, bind to proteins and nucleic 
acids, and enhance the generation of free radicals. 
Dietary intake of copper generally far exceeds the 
trace amounts required. Consequently, efficient and 
appropriate mechanisms must exist to ensure copper 
homeostasis and to transport copper to the sites 
where it is required without allowing toxic accumula- 
tion of free ions. Clearance of excess copper is 
achieved via the hepatobiliary route. Various proteins 
have been recognized to be involved in copper home- 
ostasis and transport: albumin for copper transport 
in the blood, ceruloplasmin as a copper donor to tis- 
sues and enzymes, and metallothionein for intracel- 
lular copper storage. The human copper chaperone 
Atoxl is a small cytosolic protein that plays a key role 
in the distribution of copper to the secretory pathway 
of the cell. Atoxl facilitates copper delivery to the pro- 
tein ATP7B. ATP7B translocates copper in an ATP-de- 
pendent manner into the lumen of the trans-Golgi 
network for incorporation into copper-dependent 
enzymes, or exports excess copper out of the cell into 
the bile. Under steady state conditions ATP7B is local- 
ized primarily in the trans-Golgi network, where it 
pumps copper from the cytoplasm into the trans-Gol- 
gi network lumen. Under elevated copper concentra- 
tions ATP7B undergoes a reversible, copper-mediated 
translocation from the Golgi to the apical canalicular 
membrane, where it pumps copper into the bile. Defi- 
ciency of ATP7B leads to failure to excrete copper 
from the liver into bile and to incorporate copper in- 
to ceruloplasmin during ceruloplasmin biosynthesis 
in the liver. This results in toxic accumulation of cop- 
per in the liver, with subsequent overflow to the kid- 
ney, brain, and cornea. WNDP is present in hepato- 
cytes, kidney, placenta, brain, heart, lung, muscle, and 
pancreas, but reversal of dysfunction of other organs 
after liver transplantation indicates that the primary 
genetic defect leading to copper accumulation resides 
in the liver. 

Accumulation of copper leads to liver cirrhosis, 
progressive neurological damage and renal problems. 
Very high free serum copper levels, in particular 
caused by sudden massive release of copper from the 
liver, may result in hemolytic crises. The cause of 
pathology in WD is copper toxicity. Organs affected 
by the disease contain elevated copper levels, and low- 
ering of copper leads to cessation of progression, 
some repair, and clinical improvement. Excess copper 
causes cell injury, inflammation, and cell death. Cop- 
per has damaging effects on mitochondria and per- 
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oxisomes. Effects on microtubules, on cross-linking 
of DNA, and on plasma membranes, as well as inhibi- 
tion of a large number of enzymes, have also been 
shown. The state of copper is important. Copper 
bound to ceruloplasmin, metallothionein, or albumin 
is nontoxic. It is ionic copper or copper, which is easi- 
ly dissociable, that is toxic. Copper toxicity probably 
occurs because of the generation of oxidant radicals. 
In this respect it is important to note that the pattern 
of preferential involvement of gray matter structures 
in WD shows some striking similarities to the pat- 
terns observed in respiratory chain defects and in hy- 
poxia. Caudate nucleus and putamen are preferential- 
ly affected. Other frequently involved gray matter 
structures are thalamus, globus pallidus, subthalamic 
nucleus, and periaqueductal gray matter. 



52.4 Therapy 

Therapeutic strategies in WD can focus on inhibition 
of the intestinal uptake of copper, induction of metal- 
lothionein to detoxify copper, and chelation. When a 
diagnosis of WD is made, siblings of the affected pa- 
tient should be screened. On average 25% of the sib- 
lings will be affected but still at the "presymptomatic" 
phase clinically, although they always have subclinical 
liver disease. WD is an almost completely penetrant 
disease, and individuals having two mutations in the 
WD disease gene have an almost 100% chance of ac- 
quiring neurological, psychiatric, or hepatic disease 
or a combination of these. It is therefore important to 
treat these presymptomatic patients prophylactic ally 
with anti-copper medication. Patients begin to have 
hepatic damage from about the age of 3 or 4 years. 
Patients should be treated as soon as a diagnosis has 
been made, but probably not during the first 1 or 2 
years of their life. Treatment should be continued for 
life in WD patients, whether asymptomatic or symp- 
tomatic. 

Nowadays, zinc is usually preferred as the first- 
choice drug in the treatment of WD patients, because 
it is almost completely nontoxic. Oral zinc in the form 
of zinc acetate or zinc sulfate inhibits intestinal cop- 
per absorption and promotes fecal copper excretion. 
There is also evidence that zinc may induce the syn- 
thesis of metallothionein in enterocytes and possibly 
hepatocytes. Although zinc appears to be a more 
potent stimulus to metallothionein synthesis than 
copper, copper is more avid in binding to metallo- 
thionein. Complexed copper may then either be 
transferred into the portal circulation or remain com- 
plexed within the cytosolic fraction of the enterocyte 
and be excreted in the feces with sloughed cells. Zinc 
therapy acts slowly, producing a modestly negative 
copper balance. Zinc therapy is usually well tolerated, 
gastric irritation being the most frequent side effect. 



A few highly exceptional patients have been reported 
who show deterioration after the institution of oral 
zinc therapy. 

Penicillamine has been considered the drug of first 
choice in WD for many years. It acts by reductive 
chelation, reducing the copper bound to protein, 
thereby decreasing the affinity of the protein for cop- 
per and allowing the penicillamine to bind copper. 
Reductive chelation is much more effective than 
chelators with a high affinity for copper, such as 
EDTA. The copper mobilized by penicillamine is ex- 
creted in urine. Penicillamine probably also induces 
hepatic metallothionein, thereby holding potentially 
toxic copper in a nontoxic form. Some patients im- 
prove clinically soon after therapy begins, whereas 
some may require several months of therapy before 
improvement occurs. In about 10-20% of WD pa- 
tients with neurological complaints, temporary exac- 
erbation of symptoms is seen with the institution of 
therapy. Unfortunately, some patients never recover 
to their pretreatment baseline. Inadvertent discontin- 
uation of penicillamine therapy may lead to cata- 
strophic clinical deterioration and death. Adverse 
effects of penicillamine are, unfortunately, common. 
A considerable number of the patients develop an 
early hypersensitivity reaction to penicillamine man- 
dating its discontinuation. Treatment is restarted in 
conjunction with corticosteroids until tolerance de- 
velops. Long-term use of penicillamine can result in 
serious side effects forcing discontinuation of its use. 
These side effects include induction of a variety of 
autoimmune -like disorders and induction of skin 
problems due to alterations of dermal collagen and 
elastin. 

Triethylene tetramine dihydro chloride (trientine 
or trien) is both a chelator, acting primarily by en- 
hancing urinary excretion of copper, and an inhibitor 
of copper absorption in the intestine. Far less clinical 
experience has been gained with this drug than with 
penicillamine, but it can be used in WD patients who 
do not tolerate penicillamine. Tolerance of triethylene 
tetramine dihydro chloride is generally excellent. Tox- 
icity during the first weeks of treatment may consist 
of bone marrow suppression or proteinuria. Later a 
variety of autoimmune disorders may occur. 

Ammonium tetrathiomolybdate forms a tripartite 
complex with copper and protein that is very stable. 
Given with food, ammonium tetrathiomolybdate 
complexes food copper with food protein, rendering 
food copper, along with copper in saliva, gastric juice, 
and intestinal secretions, unabsorbable. This puts the 
patient in an immediate negative copper balance. In 
addition, tetrathiomolybdate is absorbed into the 
blood and complexes free copper with blood albu- 
min. This complexed copper cannot be taken up by 
cells and is nontoxic. This drug has a faster effect than 
zinc and avoids the deteriorations that may be seen 
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with penicillamine. As such the drug is ideal for initial 
treatment. Possible side effects are related to copper 
deficiency and include mild bone marrow suppres- 
sion. In addition, mild elevations of aminotransferas- 
es may be seen. 

Because of the ubiquity of copper in our diet, a 
negative copper balance cannot be achieved by di- 
etary modification alone. It seems prudent, however, 
to recommend that WD patients avoid food with a 
high copper content. 

Despite the effectiveness of medication in most 
WD patients, occasional patients require liver trans- 
plantation because of hepatic failure. This procedure 
corrects the metabolic defect localized in the liver, 
and transplanted patients no longer need specific 
medication for WD. 

The prognosis for WD patients has generally im- 
proved greatly with the advent of treatment. In partic- 
ular, when treatment is started in a presymptomatic 
stage, patients never become symptomatic. Also, the 
vast majority of symptomatic patients improve con- 
siderably or recover completely. The patients with 
hepatic presentation have the least optimistic prog- 
nosis. Assuming they survive the initial episode, the 
greatest risks are bleeding from esophageal varices 
and hepatic insufficiency. The patients with neuro- 
logical or psychiatric presentation have a better prog- 
nosis, although their quality of life can be problemat- 
ic if the residual deficit is considerable. It is therefore 
important to start treatment as early as possible, 
before irreparable damage has occurred. Under ade- 
quate treatment, successful pregnancy is possible. 
Anti- copper therapy should be continued during 
pregnancy. Zinc is safest as both penicillamine and 
triethylene tetramine dihydro chloride are potentially 
teratogenic. 



52.5 Magnetic Resonance Imaging 

CT scan of the brain in WD may reveal a number of 
different abnormalities including mild ventricular 
dilatation, cortical atrophy, brain stem atrophy, hypo- 
dense areas in the region of the putamen, globus pal- 
lidus, and dentate nucleus, and white matter hypo- 
densities, in particular in the frontal subcortical area. 
MRI most often shows lesions in the thalamus, 
putamen, and caudate nucleus (Figs. 52.1-52.3). 
Within the putamen, the lateral rim is often most 
prominently affected (Fig. 52.1). Other gray matter 
structures which are also regularly affected are the 
globus pallidus, claustrum, and subthalamic nucleus. 
The lesions are usually bilateral and symmetrical; 
asymmetry is rare. The lesions most often have a high 
signal intensity on T 2 -weighted images and a low sig- 
nal intensity on T r weighted images (Figs. 52.1-52.3). 
These changes in signal intensity are thought to re- 



flect edema, necrosis, and gliosis. In some patients, ar- 
eas of low signal intensity are seen in the putamen, 
head of the caudate nucleus, globus pallidus, and thal- 
amus on T 2 -weighted images (Figs. 52.1 and 52.2). 
The nuclei either have a generalized low signal inten- 
sity or have small areas of low signal intensity within 
the bigger high signal intensity lesion. Some assume 
that the low signal intensity on T 2 -weighted images is 
related to iron deposition, as phagocytes containing 
iron pigment after small hemorrhages are seen in 
histological specimens. Others assume that the low 
signal intensity is related to the paramagnetic effect 
of copper. It is well established that copper ions in vit- 
ro have a pronounced effect on both T x and T 2 . An 
increased concentration of copper ions causes a 
decrease in T x and T 2 . High signal intensity on T r 
weighted images has been found in the globus pal- 
lidus (Fig. 52. 1 ) and, more rarely, in the putamen, cau- 
date nucleus, and around the aqueduct. This may be 
explained by a paramagnetic effect of copper, but may 
also be related to hepatic dysfunction. Sometimes 
multiple small cavities are seen within the basal nu- 
clei with a signal intensity similar to that of CSF on all 
sequences. No contrast enhancement is seen. 

Atrophy is a frequent finding. It may be focal, most 
frequently involving the caudate nuclei and brain 
stem. The atrophy may also be generalized involving 
the cerebral hemispheres and the cerebellum, with 
enlargement of subarachnoid spaces and ventricular 
system. 

Subcortical white matter lesions are not rare in 
WD, in contrast to what was formerly thought. The 
white matter lesions are most often found in the 
frontal lobes, sometimes with extensions into the 
parietal area (Fig. 52.3). White matter lesions in other 
areas are rare. Their location is largely subcortical 
and they may not reach the ventricular wall. The over- 
lying cortex may also be involved (Fig. 52.3). The 
white matter lesions are usually large and confluent, 
but multiple, small, isolated lesions can also be found. 
In exceptional cases the white matter lesions are cys- 
tic. The white matter changes are often asymmetrical 
(Fig. 52.3), which contrasts with the symmetry of the 
gray matter lesions. The posterior limb of the internal 
capsule and the external capsule may be affected. 
Rare localizations are the splenium of the corpus 
callosum and the white matter of the parietal, tempo- 
ral, and occipital lobes. No contrast enhancement is 
present. 

Cerebellar lesions are less frequent. Bilateral le- 
sions in the dentate nuclei are most often seen. The 
cerebellar white matter may be abnormal, especially 
in the area around the dentate nucleus (Fig. 52.1). 

Brain stem lesions are frequent. The areas most 
frequently involved are the midbrain tectum and 
tegmentum, the red nucleus, substantia nigra, cen- 
tral part of the base of the pons, and pontine tegmen- 
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Fig. 52.1 . A 37-year-old female with WD. Note the prominent 
abnormalities in the basal ganglia {first row). The caudate nu- 
cleus is markedly atrophic.The caudate nucleus, the peripher- 
al rim of the putamen,and the claustrum have a high signal on 
proton density and T 2 -weighted images, whereas the central 
part of the putamen has a low signal. The globus pallidus has 
a high signal on ^-weighted images. The ventrolateral thala- 
mus also contains signal abnormalities, the outer rim of the 



thalamus standing out separately. Additionally, the T 2 -weight- 
ed images {second and third row) show areas of high signal in 
the brain stem and cerebellar white matter, whereas the den- 
tate nucleus has a low signal. The typical "panda face" is seen 
on the right in the second row. Courtesy of Dr. E. Gut, Depart- 
ment of Neuroradiology, Kliniken Schmieder, Allensbach, Ger- 
many 
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Fig. 52.2. A 31 -year-old female with WD. The T 2 -weighted im- 
ages show high signal intensity in the ventrolateral thalamus, 
its outer rim standing out separately. The putamen has an ab- 
normally low signal with some tiny high-signal-intensity areas. 
The tectum and tegmentum of midbrain and pons have a high 



signal. Within the midbrain, the typical panda face configura- 
tion is seen (second row, /eft). Courtesy of Dr. T.Naidich, Depart- 
ment of Radiology, The Mount Sinai School of Medicine, New 
York 
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Fig. 52.3. A 1 3-year-old boy with WD. Note the involvement of 
the putamen and thalamus, the lateral rim of the thalamus 
standing out separately. Additionally, there are large focal 



white matter lesions with an asymmetrical distribution. The 
overlying cortex is affected as well. From Hedera et al. (2002), 
with permission 
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turn. Atrophy of midbrain and pons may be seen. 
A T 2 -weighted image through the midbrain may re- 
veal the so-called "face of the giant panda" appear- 
ance, with a low signal intensity of the superior col- 
liculus, loss of the normal, characteristic low signal 
intensity of the lateral portion of the substantia nigra, 
presence of the normal low signal intensity of the red 
nucleus, and high signal intensity of the tegmentum 
of the midbrain (Figs. 52.1 and 52.2). 

MRI is of value in WD, both for diagnostic and 
monitoring purposes. The diagnosis of WD may be 
difficult, and MRI may suggest this possibility. The 
most important differential diagnostic options are 
respiratory chain defects and extrapontine myelinol- 
ysis, in particular if a central lesion is present in the 
basis of the pons. WD and Japanese encephalitis also 
show a very similar topography of the MRI abnormal- 
ities. However, brain stem lesions are more frequent 
in WD. WD patients more often have a mixed signal 
intensity of the basal ganglia and a typical linear rim 
of signal abnormality in the putamen. Thalamic hem- 
orrhagic lesions and meningeal enhancement are 
more often seen in Japanese encephalitis. Clinical his- 



tory and laboratory tests differentiate between these 
disorders. 

MRI is abnormal in almost all patients with neuro- 
logical complaints and in some neurologically nor- 
mal patients. In exceptional cases normal MRI has 
been reported despite the presence of neurological 
abnormalities. With successful treatment, MRI abnor- 
malities have been shown to improve or disappear. 

Some correlations have been found between cere- 
bral lesions and clinical symptomatology. Dystonia 
is related to putamen lesions; dysarthria correlates 
with lesions in both putamen and caudate nucleus. 
Both lesions in the substantia nigra and in the puta- 
men and caudate nucleus are associated with par- 
kinsonism. Abnormalities in efferent cerebellar path- 
ways, including the superior cerebellar peduncle, 
red nucleus, and thalamus, are associated with clini- 
cal cerebellar signs. Lesions in the dentate nucleus are 
associated with a kinetic tremor and dysmetria. 
Lesions in the red nucleus are associated with proxi- 
mal kinetic tremor. Generalized atrophy and subcor- 
tical white matter lesions are associated with cogni- 
tive decline. 



Chapter 53 

Menkes Disease 



53.1 Clinical Features 

and Laboratory Investigations 

Menkes disease (MD), also called kinky hair disease 
or trichopoliodystrophy, is a rare, genetically deter- 
mined disease with an X-linked recessive mode of 
inheritance. About 30 % of cases are related to new 
mutations, and in these patients a positive family his- 
tory is lacking. Rarely, females are affected, related to 
an accompanying chromosomal abnormality (for in- 
stance, XO or a translocation that disrupts the disease 
gene on the X chromosome) or carriership for a 
mutation and a highly unfavorable X inactivation 
pattern. The incidence has been estimated as 1 in 
100,000-250,000 live births. However, the true inci- 
dence is unknown because patients may die in early 
infancy without a diagnosis. The clinical spectrum is 
broad. 

In classical MD, premature birth and low birth 
weight are frequent. In the neonatal period, some pa- 
tients display hypothermia, hypoglycemia, poor feed- 
ing, and hyperbilirubinemia. However, these features 
may also appear in otherwise healthy premature ba- 
bies and rarely lead to a diagnosis in the neonatal pe- 
riod. The infants are normal up to the age of 2-4 
months, when loss of developmental milestones, hy- 
potonia, hypothermia, seizures, and failure to thrive 
occur. The hair abnormalities characteristic of MD 
usually become prominent at the age of 2-3 months. 
The hair is short, sparse, coarse, twisted, and often 
hypopigmented. It resembles steel wool. Eye lashes 
and eyebrows can also be affected. The infants have a 
cherubic face, with a decreased facial expression, 
prominent forehead, pudgy cheeks, sagging jowls, 
and scant eyebrows. The skin and joints are lax. The 
skin is lacking in pigment. Inguinal hernias may be 
present. Diverticula of the bladder and ureters predis- 
pose to urinary tract infections and sometimes rup- 
ture. Hydronephrosis may occur. Bone changes such 
as osteoporosis are always present, and fractures of 
the long bones and ribs may occur. Pectus excavatus is 
often seen. Diarrhea is common and intestinal hem- 
orrhage may occur. The neurological deterioration in 
classical MD is severe. Most patients never achieve 
head control or independent sitting. The seizures are 
usually intractable. Subdural hematomas and effu- 
sions are often present. Infections are common, in 
particular respiratory and urinary tract infections. 



Sepsis and meningitis are also fairly common. Death 
usually occurs before the age of 3 years. 

Patients with unusually severe variants of MD have 
been reported who present soon after birth with 
extensive vascular disease with intracranial, gastro- 
intestinal, intra-abdominal, pulmonary, and other 
hemorrhages, in the absence of a coagulopathy, final- 
ly resulting in hemorrhagic shock and early death. 
Additionally, brain infarcts may occur and multiple 
fractures may be present. 

Milder variants of the disease occur, including 
mild MD and occipital horn syndrome (OHS). Pa- 
tients with mild MD have a hypopigmented skin, 
laxity of the skin and joints, abnormal hair, and the 
characteristic facial appearance. The neurological 
symptoms are much milder than in classical MD. The 
predominant neurological manifestations of mild 
MD are prominent cerebellar ataxia and dysarthria, 
and moderate cognitive deficit. 

OHS was previously known as type IX Ehlers- 
Danlos syndrome or X-linked cutis laxa. It is an X- 
linked recessive connective tissue disorder. The dis- 
ease derives its name from distinctive cranial exos- 
toses (occipital horns) resulting from calcification of 
the trapezius and sternocleidomastoid muscles at 
their attachment to the occipital bone. The predomi- 
nant clinical manifestations of OHS are skeletal ab- 
normalities including the occipital horns, short and 
broad clavicles, osteoporosis, laxity of the skin and 
joints, bruisable skin, and bladder diverticula. The 
urinary tract abnormalities lead to recurrent urinary 
tract infections. Most patients have inguinal hernias. 
The only apparent neurological abnormalities of pa- 
tients with OHS are autonomic dysfunction and slight 
mental deficiency. The autonomic dysfunction may 
lead to diarrhea, orthostatic hypotension and syn- 
cope, and temperature instability with heat intoler- 
ance. Life expectancy is as a rule up to at least mid- 
adulthood. 

Some patients have been reported with a mixture 
of manifestations of classical MD, mild MD, and OHS. 

Most patients with classical MD show moderate to 
severe EEG abnormalities including hypsarrhythmia. 
Skeletal changes in classic MD are distinctive but not 
pathognomonic. They usually become apparent by 
the second month of life. They include wormian 
bones of the skull, generalized osteoporosis, meta- 
physeal spurring of long bones, and anterior flaring 
of the ribs. Rib and long bone fractures, including 
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metaphyseal fractures, are common. The clavicles are 
short with hammer- shaped distal ends. Radiographic 
abnormalities in OHS include osteoporosis, occipital 
and femoral exostoses, carpal coalescence, coxa valga, 
deformation of the radii, ulnae, tibiae, and fibulae, 
and short clavicles with hammer-shaped distal ends. 

Microscopic examination of the hair in MD reveals 
pili torti (180° twisting of the hair shaft), often in 
combination with constrictions at regular intervals 
(trichorrhexis nodosa), varying diameters, transverse 
fractures of the hair shaft, and longitudinal splitting 
of the shaft. 

Serum levels of copper and ceruloplasmin are very 
low in patients with classical MD. Interpretation is 
difficult in the first 2-3 weeks of life. Serum copper 
and ceruloplasmin levels are normally low at birth 
and rise over the first month. It may therefore be dif- 
ficult to diagnose MD by these markers in the 
neonate. An abnormal plasma or CSF catecholamine 
pattern may be a more sensitive marker of copper 
deficiency, but a lumbar puncture is not feasible in 
neonates with a hemorrhagic disease. The defect in 
copper transport can be demonstrated by analysis of 
copper accumulation in cultured fibroblasts or lym- 
phoblasts using radioactive copper ( 64 Cu). Copper 
levels and accumulation are elevated in MD. The 
activity of various copper-dependent enzymes, such 
as cytochrome-c oxidase, dopamine p -hydroxylase, 
and lysyl oxidase, are reduced. CSF lactate is elevated, 
as expected in cytochrome-c oxidase deficiency. 
Catecholamine levels are abnormal in serum and CSF, 
with elevated levels of the dopamine metabolite dihy- 
droxyphenylacetic acid (DOPAC) and the catechol- 
amine precursor dihydroxyphenylalanine (DOPA) 
and low levels of the deaminated norepinephrine 
metabolite dihydroxyphenylglycol (DHPG), indicat- 
ing reduced activity of dopamine p -hydroxylase. As a 
result the ratios of DOPA to DHPG and DOPAC to 
DHPG are markedly elevated and valuable for a diag- 
nosis. Generalized amino aciduria has been observed 
in a few patients with MD,but renal tubular damage is 
rarely a problem. 

In patients with mild MD and OHS, serum levels of 
copper and ceruloplasmin are usually slightly to 
moderately decreased, but may also be normal or 
even lower than in patients with classical MD. The 
increased copper levels and 64 Cu uptake and retention 
in fibroblasts or lymphoblasts from patients with 
mild MD or OHS are indistinguishable from those in 
classical MD. The activity of lysyl oxidase is signifi- 
cantly decreased in skin and cultured fibroblasts from 
patients with OHS. 

DNA-based diagnosis is possible. Female carriers 
are clinically almost always completely normal, with 
the exception that pili torti are seen in the hair of 50 % 
of carriers. Heterozygous females can be diagnosed 
on the basis of these pili torti in their hair, patchy skin 



depigmentation, and/or increased copper accumula- 
tion in cultured fibroblasts. However, some hetero- 
zygotes display no abnormalities, which can be ex- 
plained by the individual X inactivation pattern. 
DNA-based diagnosis is very useful for carrier detec- 
tion. Prenatal diagnosis can be performed on the 
basis of analysis of copper levels or 64 Cu uptake in cul- 
tured amniotic fluid cells or chorionic villi. DNA- 
based prenatal diagnosis is possible in families with a 
known mutation. 



53.2 Pathology 

In many infants with classic MD, chronic subdural 
hematomas are found. The brain shows as a rule 
severe and diffuse atrophy of the cerebral and cere- 
bellar hemispheres. The cerebral arteries are thin- 
walled, tortuous, and ectatic. On sectioning, the white 
matter appears shrunken and the lateral ventricles 
are moderately dilated. 

Microscopic examination of the cerebral cortex 
shows widespread neuronal loss and severe spongio- 
sis. Areas of total devastation with microcystic rar- 
efaction of the cortex may be present, and in some 
areas the cortex and subcortical white matter may be 
cavitated. Moderate nerve cell loss is also found in the 
basal ganglia. The thalamus and red nucleus may be 
particularly affected and show severe degeneration. 
The cerebral white matter is reduced in volume. Mi- 
croscopic examination demonstrates severe myelin 
paucity and sometimes severe and diffuse gliosis. The 
myelin paucity is probably explained by a combina- 
tion of poor myelination and myelin loss. A status 
spongiosus may be seen in the white matter but frank 
cavitation is rare. 

The cerebellum is markedly atrophic. On micro- 
scopic examination, there is a striking loss of granule 
cells. The Purkinje cells are also diminished in num- 
ber and show striking dendritic abnormalities, with 
presence of perisomatic dendrites radiating from the 
perikaryon. The apical dendrites may show deformi- 
ties of the weeping willow or staghorn pattern. Den- 
dritic swellings and axonal torpedoes may also be 
present. On electron microscopy, a marked increase in 
the number and size of mitochondria is found in the 
perikaryon of Purkinje cells and to a lesser extent of 
neurons within the cerebral cortex and basal ganglia. 
There are intramitochondrial electron-dense bodies. 

In muscle biopsy of MD patients, mitochondrial 
abnormalities have been found, including enlarged 
mitochondria with disorderly and irregular cristae. 
Ragged red fibers have also been reported. 

Ultrastructural studies of the skin reveal that der- 
mal collagen fibrils have a heterogeneous size range, 
with a mean diameter smaller than normal. Dermal 
elastin fibers are scarce and considerably smaller 
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than normal. They consist of thin strands of amor- 
phous elastin associated with numerous microfibrils. 
Cerebral and systemic arteries and arterioles are 
tortuous with irregular lumina and frayed and split 
intimal linings. In the walls of arteries the amount of 
collagen is normal, but the fibrils display a broader 
range of diameters than normal, with a slightly small- 
er mean. Elastin fibers in the internal elastic lamina, 
tunica media, and intimal layers show considerable 
disruption, appearing fragmented and wider than 
normal and displaying irregular contours. Veins are 
less often affected. 



53.3 Chemical Pathology 

Lipid studies in MD show decreases in myelin lipids 
with increases in cholesterol and cholesterol esters. 
The presence of cholesterol esters points to active 
myelin loss. In the white matter galactolipids are 
decreased. 



53.4 Pathogenetic Considerations 

The gene for MD and its variants is MNK, also called 
ATP7A, located on chromosome Xql3.3. The gene 
codes for a transmembrane copper-transporting 
P-type ATPase. ATP7A is expressed in virtually all 
nonhepatic tissues. The protein is located in the 
trans-Golgi network, pumping copper into the Golgi 
apparatus to supply copper to the copper-dependent 
enzymes. In the presence of elevated extracellular 
copper concentrations, the protein relocates to the 
plasma membrane to pump excess copper out of the 
cells. When intracellular copper levels are reduced, 
the protein returns to the trans-Golgi network. This 
reversible relocation is very important for copper 
homeostasis. 

Several key metabolic processes are copper-depen- 
dent, including oxidative respiration neurotransmit- 
ter synthesis, connective tissue formation, free radical 
detoxification, iron homeostasis, and pigmentation. 
Copper is required for the catalytic activity of a num- 
ber of essential enzymes in these processes, the ma- 
jority of which catalyze oxidation-reduction reac- 
tions. The ability of copper, like iron, to undergo re- 
versible redox changes makes it a useful cofactor in 
redox reactions. However, both metals also catalyze 
the production of potentially damaging free radicals 
and are toxic in excess amounts. Organisms have 
several mechanisms to obtain and distribute copper 
safely and to excrete the excess. 

Defects in ATP7A result in a defect in the copper 
excretion of cells and an accumulation of copper in 
their cytosol. Copper efflux requires ATP7A in most 
cells, hepatocytes being a notable exception. The 



defect in the ATP7A protein leads first of all to re- 
duced uptake of copper across the small intestine, 
because the copper accumulates in the intestinal 
epithelial cells and is not excreted into the blood. The 
reduced supply of dietary copper is further com- 
pounded by the defective distribution of copper with- 
in the body wherever ATP7A is required for copper 
transport. For example, ATP7A is involved in the 
transport of copper across the blood-brain barrier to 
the CNS, explaining the marked deficiency of copper 
in the brain of MD patients. In contrast with the over- 
all copper deficiency in MD, copper accumulation oc- 
curs in certain tissues such as the intestinal epithelial 
cells, the kidney, and cultured cells, owing to the cop- 
per efflux defect. It is probable that copper is normal- 
ly resorbed in the proximal tubules of the kidney, as 
under normal conditions very little copper is excret- 
ed in the urine. Patients with MD cannot deliver the 
resorbed copper from the epithelial cells of the prox- 
imal tubules into the blood. 

Deficiency of copper-dependent enzymes causes 
the multiple abnormalities in MD patients. Hypopig- 
mented hair is caused by the deficiency of tyrosinase, 
an enzyme required for melanin synthesis. The 
unusual hair, the pili torti, is caused by reduced 
keratin cross-linking, a process that is copper-depen- 
dent. Connective tissue abnormalities, including 
arterial vessel wall abnormalities, loose skin, and 
fragile bones, result from reduced lysyl oxidase activ- 
ity and consequent weak cross-links in collagen 
and elastin. Deficiency of several enzymes, includ- 
ing cytochrome-c oxidase (oxidative respiration), 
superoxide dismutase (free radical detoxification), 
peptidylglycine a-amidating mono-oxygenase (mod- 
ification of various peptide neurotransmitters), and 
dopamine p -hydroxylase (neurotransmitter bio- 
synthesis), may contribute to the neurological dam- 
age. 

Many different mutations have been found in 
ATP7A. In classical MD, most mutations are nonsense 
mutations, frameshifts, large deletions, and splice site 
mutations, which lead to absence of functional pro- 
tein. In mild MD, missense mutations have been 
found that block copper-induced relocation of the 
mutated protein from the trans-Golgi network to the 
plasma membrane. The milder course of the disease 
suggests that the mutant protein retains some copper 
transport activity. Patients with OHS have splice site 
mutations that still permit the production of a small 
amounts of normal ATP7A mRNA next to abnormal- 
ly small transcripts. The milder clinical manifesta- 
tions can be explained by the presence of small 
amounts of the normal protein. As most of the clini- 
cal symptoms in OHS are related to lysyl oxidase 
deficiency, it is assumed that this enzyme is more sen- 
sitive than the other cupro enzymes to copper defi- 
ciency. 
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53.5 Therapy 

In the treatment of MD patients, the first important 
issue is early diagnosis. The second issue is to bypass 
the block in the intestinal absorption of copper. The 
third is to deliver circulating copper to the brain. The 
fourth is that copper must be available within cells to 
enzymes that require copper as a cofactor. 

Oral administration of copper generally has no 
effect on circulating copper, but parenteral adminis- 
tration of copper in any form restores circulating cop- 
per and ceruloplasmin to normal levels. Among the 
different forms of copper, copper histidine has been 
reported to be taken up by the brain most efficiently. 
Copper uptake by hepatocytes and brain tissue is 
physiologically mediated by histidine. Therefore, cop- 
per histidine is generally used for parenteral admin- 
istration. While low hepatic stores are quickly replen- 
ished by parenteral copper treatment, levels of copper 
in the brain only increase gradually, if at all, during 
treatment, consistent with trapping of copper within 
the cells forming the blood-brain barrier. The activi- 
ties of copper-dependent enzymes remain subnormal 
under treatment in most patients. However, it is diffi- 
cult to assess the activities of most enzymes serially, 
as repeated skin, muscle, and brain biopsies would be 
required to do that. The darkening of the hair under 
treatment indicates a higher activity of tyrosine hy- 
droxylase. Ceruloplasmin is the only cupro enzyme 
whose activity always normalizes in response to cop- 
per treatment, because this enzyme is synthesized in 
the liver, where ATP7A is not expressed. 

There are two major problems with this copper 
replacement therapy. First of all, there is usually a 
delay in diagnosis, and during this time brain damage 
continues which cannot be undone. Secondly, the 
block in intestinal copper absorption may be by- 
passed by parenteral administration, but the basic de- 
fect affecting transport of copper into the brain and 
intracellular copper metabolism in tissues through- 
out the body cannot be fully overcome by copper 
replacement. 

Clinical outcomes of MD patients treated with cop- 
per replacement have generally been disappointing. 
Some patients who are treated from an early age, 
preferably <1 month, show outcomes better than ex- 
pected, and some even attain normal developmental 
milestones. However, other patients do not fare well 
despite early treatment. When treatment is com- 
menced at an older age, after onset of symptoms, 
significant neurological recovery is not possible, 
although decreased seizure frequency, reduced irri- 
tability, better sleeping, and slight advances in social 
development may be seen. Copper treatment may 
prolong life span, but not consistently in all patients. 

Some striking exceptions have been observed. 
With early treatment neurological symptoms have 



regressed or even disappeared in some MD patients, 
although an OHS-like clinical picture may persist in 
such patients. It has been suggested that mutations 
with preservation of some residual ATP7A activity 
may be requisite for significant clinical efficacy of 
copper replacement therapy (Kaler et al. 1996). One 
patient has been reported in whom mislocalization of 
the protein in the endoplasmic reticulum due to a cer- 
tain mutation could be corrected by supplementation 
of copper (Kim et al. 2002). However, significant im- 
provement has also been observed in some early- 
treated patients from classical MD families with se- 
vere mutations. 

From a practical point of view, commencing par- 
enteral copper histidine treatment as soon as the 
diagnosis of MD has been established may be advo- 
cated irrespective of the gene abnormality. Therapy 
should be continued until it becomes evident that 
cerebral degeneration cannot be arrested. 

Symptomatic treatment including antiepileptic 
medication, maintenance of an adequate nutritional 
status, and physical therapy are important. Bisphos- 
phonate therapy has been used to increase bone min- 
eral density in MD patients. It is effective in the man- 
agement of osteoporosis and contributes to the pre- 
vention of bone fractures. 



53.6 Magnetic Resonance Imaging 

One of the most striking findings on MRI in patients 
with classical MD is excessive tortuosity of the cere- 
bral arteries. MRA confirms tortuosity, dilatation, 
and kinking of the arteries (Fig. 53.1). Tortuosity of 
the extracranial systemic arteries is also present. 

Early MRI of the brain may be normal in classical 
MD. Soon, however, serious damage develops. Tran- 
sient bilateral temporal lobe white matter abnormali- 
ties with prominent swelling and involvement of the 
overlying cortex have been observed (also seen in 
Fig. 53.1). In some MD patients, brain lesions arise 
that look like focal infarctions with a low ADC on dif- 
fusion-weighted images. The cerebral white matter 
may also be diffusely abnormal, mildly swollen, and 
have a highly abnormal signal. In that stage of the dis- 
ease, there is no evident atrophy and there are no sub- 
dural fluid collections. The white matter swelling 
soon evolves into atrophy and the white matter re- 
mains poorly myelinated (Fig. 53.2). The atrophy is 
progressive over time. Some white matter areas may 
become cystic. Diffuse and serious cerebral and cere- 
bellar atrophy leads to enlargement of the extracere- 
bral spaces (Fig. 53.2). Subdural hygromas and 
hematomas easily develop and are almost invariably 
seen in MD (Fig. 53.2). As the atrophied brain recedes 
from the dura, the bridging cortical veins may tear, 
resulting in subdural effusions. The vulnerability of 
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Fig. 53.1. A5-month-old boy with MD.The large, swollen tem- 
poral lesions, which involve both white matter and overlying 
cortex, could be considered suggestive of herpes encephalitis. 
However, the arteries in the sylvian fissure and around the 



brain stem show abnormal hypertortuosity, which is not a fea- 
ture of herpes encephalitis. MRA confirms the tortuosity of the 
cerebral arteries. Courtesy of Dr. T. Aduc, Randburg, and Dr. 
M.M. Lippert, Pretoria, South Africa 



the abnormal vessels in MD may contribute to the de- 
velopment of hematomas. In addition, there may be 
signal changes in the basal ganglia. 

The most important item in the differential diag- 
nosis is the shaken baby syndrome. The combination 
of subdural hygromas and hematomas of different 
ages and bone fractures is very suggestive of this di- 



agnosis. However, the clinical picture with skin and 
hair abnormalities, tortuosity of the arteries on MRI, 
and the presence of other bone abnormalities should 
help in the differentiation. In patients presenting with 
predominantly white matter disease on MRI, tortuos- 
ity of the cerebral vessels is again an important diag- 
nostic clue for MD. 
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Fig. 53.2. The same boy as in Fig. 53.1, now 6.5 months old. 
Note the serious atrophy with enlargement of the subarach- 
noid spaces and small subdural effusions. The process of 
myelination is not showing any progress beyond the neonatal 



stage. Bilaterally low in the basal ganglia a ball of tortuous and 
dilated vessels is seen, which is particularly clear in the en- 
larged view. Courtesy of Dr.T. Aduc, Randburg, and Dr. M.M. Lip- 
pert, Pretoria, South Africa 



Chapter 54 

Fragile X Premutation 



54.1 Clinical Features 

and Laboratory Investigations 

Fragile X syndrome is one of the most common in- 
herited forms of mental retardation. The disorder is 
caused by an expansion in excess of 200 repeats (full 
mutation expansion) of a trinucleotide element, 
(CGG)„, located in the 5' untranslated region of the 
fragile X mental retardation 1 gene (FMR1). Trinu- 
cleotide expansions that are in the 55-200 repeats 
range are called premutations. Normal persons have a 
range of approximately 5-54 repeats. 

Male carriers of premutations typically have nor- 
mal intelligence, although emotional problems and 
subtle physical features occur in about 25%. Mental 
retardation and autism may occur. About 20 % of fe- 
male patients with a premutation experience prema- 
ture ovarian failure and menopause. Some female 
premutation carriers have emotional problems, in- 
cluding anxiety, obsessional thinking, or depression. 

Some male carriers of the fragile X premutation 
over the age of 50 years experience progressive neuro- 
logical dysfunction with tremor and cerebellar ataxia, 
most frequently leading to gait difficulties and deteri- 
oration of fine motor skills. Additionally, progressive 
cognitive decline and behavioral difficulties arise, in- 
cluding memory loss, anxiety, mood lability, and 
reclusive behavior. In a few patients more serious de- 
mentia occurs. More variable features include parkin- 
sonism, peripheral neuropathy with distal weakness 
and sensory loss, lower limb proximal muscle weak- 
ness, and autonomic dysfunction with urinary and 
bowel incontinence and impotence. Rarely, female 
premutation carriers develop tremor and ataxia, but 
they do not experience cognitive decline. 

The diagnosis of fragile X premutation is estab- 
lished by demonstrating a CGG repeat with a length 
of 55-200 trinucleotide repeats in the FMR1 gene. 



54.2 Pathology 

Neuropathologic findings include cerebral and cere- 
bellar atrophy. There are eosinophilic intranuclear in- 
clusions in neurons and astrocytes throughout the 
cortex, subcortical regions, and brain stem. The hip- 
pocampus and the frontal cortex are the most severe- 
ly affected. There is evidence of cerebellar degenera- 
tion with Purkinje cell loss, torpedo formation, and 



dystrophic axons. Spongiform changes are seen in the 
cerebellar white matter and middle cerebellar pedun- 
cles. 



54.3 Pathogenetic Considerations 

The fragile X syndrome is caused by an expansion in 
excess of 200 repeats of a trinucleotide element, 
(CGG)„, located in the 5' untranslated region of the 
fragile X mental retardation 1 gene (FMR1) on chro- 
mosome Xq27.3. Trinucleotide expansions that are 
longer than 200 repeats are called full mutation ex- 
pansions. Trinucleotide expansions that are in the 
55-200 repeats range are called premutations. Nor- 
mal persons have a range of approximately 5-54 
repeats. 

The pathophysiology of the neurological syn- 
drome in older males with a premutation has not 
been fully understood. Repeat expansions are known 
to influence both transcription and translation. The 
full expansion of over 200 repeats generally leads to 
transcriptional silencing and deficiency or absence of 
the FMR1 protein (FMRP). Lack of this protein leads 
to the fragile X syndrome. In patients with a fragile X 
premutation, FRMP levels are gradually reduced with 
increasing repeat number, despite elevated FMR1 
mRNA levels, suggesting that translation is impeded 
within the premutation range. The syndrome seen in 
older males with a premutation may be related to a 
gain of function with toxic effects related to elevated 
FMR1 mRNA levels. 



54.4 Therapy 

No specific treatment is available. 

54.5 Magnetic Resonance Imaging 

In older male patients carrying the fragile X premuta- 
tion and the clinical symptoms described above, MRI 
shows symmetrical signal abnormalities in the mid- 
dle cerebellar peduncles and deep cerebellar white 
matter (Figs. 54.1 and 54.2). After contrast, no en- 
hancement occurs. The dentate nucleus is spared. 
Mild to moderate atrophy of the cerebellum, mid- 
brain, and pons is frequently present. Mild to moder- 



54.5 Magnetic Resonance Imaging 407 




Fig. 54.1. A 61 -year-old man with a fragile X premutation. A 
CGG repeat with a length of 80 trinucleotide repeats was 
demonstrated in the FMR1 gene. Note the cerebral and cere- 
bellar atrophy. There are signal abnormalities in the middle 
cerebellar peduncles and deep cerebellar white matter. There 



are patchy signal abnormalities in the periventricular and 
deep cerebral white matter. Courtesy of Dr. J. Vandevenne, 
Department of Radiology, and Dr. A. Wibail, Department of 
Neurology, Hospitals Oost-Limburg, Genk, Belgium 



ate cerebral atrophy with thinning of the corpus cal- 
losum is present in the majority of the patients 
(Figs. 54.1 and 54.2). In many patients additional 
white matter abnormalities are present in the frontal 



and parietal periventricular and deep white matter 
(Figs. 54.1 and 54.2). MRI does not demonstrate the 
same abnormalities in asymptomatic older male 
patients carrying the fragile X premutation. 
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Fig. 54.2. A 63-year-old man with a fragile X premutation. A of elevated signal intensity. In addition, there are signal abnor- 

CGG repeat with a length of 90 trinucleotide repeats was malities in the base of the pons, middle cerebellar peduncles, 

demonstrated in the FMR1 gen. These sagittal T r weighted im- and cerebellar white matter. Courtesy of Dr. J. Vandevenne, 

age {first row, left) and axial FLAIR images show prominent Department of Radiology, and Dr. I. Raets, Department of Neu- 

cerebral and cerebellar atrophy. There is a periventricular rim rology, Hospitals Oost-Limburg, Genk, Belgium 



Chapter 55 

Hypomelanosis of Ito 



55.1 Clinical Features 

and Laboratory Investigations 

Hypomelanosis of Ito (HMI), formerly also called in- 
continentia pigmenti achromians, does not represent 
a distinct entity but is a symptom of many different 
states of mosaicism. HMI is characterized by unilater- 
al or bilateral hypopigmented whorls, streaks, and 
patches. The abnormal pigmentation follows Blaschko 
lines. The Blaschko lines have a bizarre fountain-like 
pattern on the back, whorls on the abdomen and lin- 
ear stripes on the limbs. Zones of hypomelanosis are 
easily seen in patients with a darker skin, but to see 
the zones in patients with a fair skin the use of Wood's 
light may be necessary. In most patients the zones are 
apparent at birth or within the first year of life. The 
mucous membranes are spared. The hypopigmented 
whorls represent the "negative pattern" of the hyper- 
pigmented lesions seen in incontinentia pigmenti 
type II, an X-linked disorder that is lethal for males. 
Another difference with incontinentia pigment type 
II is that neonatal inflammatory skin abnormalities 
are lacking in HMI. 

HMI is a nonspecific marker for genetic or chro- 
mosomal mosaicism in persons with a sufficiently 
dark skin to show lighter patches. Most cases are spo- 
radic, but autosomal dominant inheritance is evident 
in some. Incontinentia pigmenti type I is a subtype of 
hypomelanosis of Ito, associated with an X chromo- 
some/autosome translocation involving band Xpll. 

Abnormalities of the eyes, hair, teeth, muscu- 
loskeletal system, heart, and CNS occur in some of the 
patients with HMI. Hypopigmented areas can be ob- 
served in the iris and the retina. Corneal opacities, 
macrophthalmia, microphthalmia, strabismus, epi- 
canthal folds, choroidal atrophy, and optic nerve hy- 
poplasia may occur. Abnormalities in hair color, 
alopecia, hypertrichosis, and trichorrhexia may be 
observed. Fingernails may be abnormal. Numerous 
types of dental dysplasia may be present. Macro - 
cephaly is relatively common; microcephaly is less 
frequent. The face may be asymmetrical. Unilateral 
hypertrophy or hypotrophy of the body or part of the 
body may be present. Other abnormalities observed 
include hypertelorism, bifid uvula, cleft palate, small 
stature, scoliosis, clinodactyly, and syndactyly. Con- 
genital cardiac abnormalities and unilateral kidney 
aplasia may be present. Occurrence of a tumor is a 
rare observation, and if present, it is most often be- 



nign. CNS abnormalities are frequent and these are 
highly variable. Neurological impairment can be 
quite severe with hemimegalencephaly or migra- 
tional defects, leading to intractable seizures and seri- 
ous mental and motor handicap. About 80% of the 
patients have mental retardation, which varies from 
mild to profound. Autism is seen in some patients. 
HMI has been associated rarely with vascular abnor- 
malities such as moyamoya syndrome and intracra- 
nial arteriovenous malformations. If a parent is 
affected, he or she may only have cutaneous abnor- 
malities and no neurological problems, whereas the 
offspring has evident neurological signs. 

In patients with HMI chromosome mosaicism is 
often restricted to the skin, while blood karyotypes 
may be normal. For this reason skin fibroblast chro- 
mosome analysis is recommended. Mosaicism has 
also been found in keratinocytes obtained from the 
hypopigmented areas of the skin. The use of FISH 
facilitates the determination of the origin of the chro- 
mosomes involved and the extent of the mosaicism 
when one is detected. 



55.2 Pathology 

Some patients with HMI may have major brain 
abnormalities, including hemimegalencephaly and 
migrational abnormalities. The pathology of these 
abnormalities is not reviewed here. The pathological 
correlate of the white matter abnormalities observed 
relatively frequently in HMI is deficient myelination 
and gliosis. 



55.3 Pathogenetic Considerations 

HMI is a manifestation of etiologically heterogeneous 
conditions, the common factor being chromosomal 
or genetic mosaicism. A mosaic is defined as an or- 
ganism composed of two (or more) genetically differ- 
ent populations of cells originating from a genetical- 
ly homogeneous zygote. The mosaicism either in- 
volves a chromosomal abnormality or a gene muta- 
tion. The chromosomal mosaicism includes an array 
of different abnormalities: diploid/triploid mo- 
saicism, diploid/tetraploid mosaicism, mosaicism for 
trisomies, unbalanced translocation between auto- 
somes or an autosome and the X chromosome, chro- 
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mosomal deletions, and ring chromosomes. In the 
X-chromosome, band Xpll is involved. HMI due to 
Xpll alteration is caused by functional or genetic 
mosaicism. Functional mosaicism results from the 
Lyon effect of X inactivation. 

Mosaicism can be recognized most easily in the 
skin, which exhibits patterns of differences in pig- 
mentation following the Blaschko lines. The different 
degrees of pigmentation of the skin represent differ- 
ent cell populations. The abnormal cell line is con- 
fined to the skin with abnormal pigmentation; the 
normal skin contains almost only normal cells. It has 
been hypothesized that the genetic and chromosomal 
abnormalities result in abnormalities of pigmenta- 
tion because of altered expression of genes in the pig- 
mentary pathway. Such genes may be present in dif- 
ferent regions of multiple chromosomes. 



55.4 Therapy 

No specific treatment is available. 

55.5 Magnetic Resonance Imaging 

In many patients with HMI, MRI of the brain is nor- 
mal. Some patients with HMI have major CNS abnor- 
malities, including migrational abnormalities and 
hemimegalencephaly. The migrational abnormalities 
may consist of cortical dysplasia or neuronal hetero- 
topias. In hemimegalencephaly, the enlarged hemi- 



sphere is dysplastic with a larger ventricle, a thick- 
ened, pachygyric or polymicrogyric cortex, and fre- 
quently heterotopic neurons in the white matter. Var- 
ious other abnormalities have been found, including 
agenesis of the corpus callosum, asymmetrical or 
symmetrical ventricular dilatation, focal cerebral at- 
rophy with porencephalic ventricular dilatation, 
hemiatrophy, diffuse cerebral atrophy, cerebellar hy- 
poplasia or atrophy, vascular abnormalities, and, 
rarely, a tumor. 

More subtle brain abnormalities in HMI consist of 
irregular, multifocal, and confluent abnormalities in 
the periventricular and deep white matter, usually 
with increased perivascular spaces within and, to a 
lesser extent, also outside these areas (Fig. 55.1). In 
some patients, enlarged perivascular spaces are seen 
without associated white matter signal abnormalities. 
The enlarged spaces may also involve the corpus cal- 
losum. The increased perivascular spaces are best 
seen on FLAIR images (Fig. 55.1). The white matter 
abnormalities are often bilateral but may be asym- 
metrical in distribution. They are static and probably 
reflect white matter gliosis and focal myelination de- 
fects. 

Presence of brain abnormalities in HMI appears to 
be associated with an enhanced frequency of neuro- 
logical problems. Major malformations are associated 
with a major handicap. White matter abnormalities 
with enlarged perivascular spaces are more common- 
ly seen in patients with a mental handicap, although 
they have also been observed in HMI patients with a 
normal cognitive function. 




Fig. 55.1 . A 5-year-old boy with HMI, mental retardation, and 
macrocephaly. The sagittal {first row) and axial {second and 
third row) T 2 -weighted images show extensive, partly multifo- 
cal and partly confluent abnormalities in the cerebral white 
matter. The posterior fossa structures are spared.The FLAIR im- 



ages {fourth and fifth row) allow distinction between enlarged 
perivascular spaces with a low signal intensity and gliotic 
white matter with a high signal intensity. Courtesy of Dr. S. 
Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto, Canada 
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Fig. 55.1 . {continued). 



Chapter 56 



Incontinentia Pigmenti 



56.1 Clinical Features 

and Laboratory Investigations 

Incontinentia pigmenti (IP), formerly called inconti- 
nentia pigmenti type II or Bloch-Sulzberger syn- 
drome, is an X-linked dominant disorder that is usu- 
ally fatal prenatally in males. Fifty- five percent of the 
patients have a family history of the disease; the rest 
of the cases are caused by spontaneous mutations. 
So-called incontinentia pigmenti type I is unrelated 
to incontinentia pigmenti type II and is in fact a sub- 
type of hypomelanosis of Ito, associated with an X 
chromosome/autosome translocation involving band 
Xpll. It has an X-linked dominant mode of inheri- 
tance. In contrast to incontinentia pigmenti type II, 
the typical neonatal inflammatory skin abnormalities 
are lacking. Incontinentia pigmenti type I is dis- 
cussed in Chap. 55. 

Affected females display skin abnormalities in four 
stages: (1) perinatal inflammatory vesicles, (2) verru- 
cous patches, (3) hyperpigmentation, and (4) dermal 
scarring. In IP the pigmentary disturbance is a sort of 
self-tattooing. The lesions of the first phase are pre- 
sent at birth or appear within the first 2 weeks of life 
in 90 % of the patients, although they may also appear 
later in infancy or childhood. They are erythematous, 
macular, papular, vesicular, and bullous, and suggest 
an inflammatory condition of the skin. Lesions of the 
second stage, appearing between 2 weeks and several 
months of life, are pustular, lichenoid, verrucous, ker- 
atotic, and dyskeratotic. The third stage is character- 
ized by development of pigmentation, mainly at the 
sites of the earlier lesions. In the fully developed dis- 
ease, the skin shows swirling patterns of melanin pig- 
mentation, especially on the trunk, with a "marble 
cake" appearance. The pigmentary abnormalities 
usually disappear by the age of 20 years. The fourth 
stage is characterized by atrophic scarring. Hypome- 
lanotic macules, most often located over the calves, 
may be the only dermatological indication of IP in 
adulthood. Late recurrences of the first-stage inflam- 
matory lesions are uncommon and are usually pre- 
ceded by an infectious episode. 

IP may be associated with a variety of abnormali- 
ties of the eyes, teeth, and skeleton. Dystrophy of the 
nails is frequent but usually mild. Any of the cuta- 
neous stages of IP may involve the scalp. Alopecia sec- 
ondary to scarring is frequent. Malformed teeth, hy- 
podontia, or adontia may occur. Ocular abnormalities 



include cataract, strabismus, retinal pigmentary ab- 
normalities, retinal detachments, infarction, vitreous 
hemorrhage, microphthalmia, and optic atrophy. 

The brain is affected in 30-50% of the patients, 
causing mental retardation, spasticity (hemiplegia or 
quadriplegia), cerebellar ataxia, and seizures. The 
head circumference is usually normal at birth, but 
patients may develop microcephaly. Some of the 
patients have signs of serious encephalopathy in the 
neonatal period, with intractable seizures suggestive 
of viral encephalitis. Acute-onset stroke has been 
observed occasionally in infants and children with IP. 
Patients with structural brain abnormalities and 
neonatal seizures are at greater risk of motor and 
mental impairment. 

In IP, laboratory studies usually reveal eosinophil- 
ia in the blood in the neonatal period. The disease is 
caused by mutations in the NEMO gene, located on 
chromosome Xq28. Cells expressing the mutated X 
chromosome are eliminated selectively around the 
time of birth, so females with IP display extremely 
skewed X inactivat ion, which can be demonstrated in 
peripheral blood leukocytes. 



56.2 Pathology 

Pathological findings in IP are highly variable and 
dependent on the stage of the disease. Fresh hemor- 
rhagic necrosis within the cerebral white matter with 
perivenous and capillary hemorrhage, vascular con- 
gestion, edema, and inflammation surrounding the 
hemorrhage is seen in the early stages. The gray mat- 
ter may also be affected, but usually to a lesser extent. 
In the more chronic stages, ulegyria, cystic changes in 
the cerebral white matter, neuronal loss, and gliosis 
are found. 



56.3 Pathogenetic Considerations 

Mutations in the gene NEMO, located on chromo- 
some Xq28, cause IP. IP is allelic with ectodermal dys- 
plasia, an- or hypohidrosis, and immunodeficiency, a 
disease caused by different mutations in the same 
gene. NEMO stands for nuclear factor (NF)-k-B essen- 
tial modulator. The gene is also called IKBKG, which 
stands for inhibitor of k (kappa) light polypeptide 
gene enhancer in B cells, /cinase of, gamma (y). NEMO 



56.3 Pathogenetic Considerations 413 




Fig. 56.1 . Female neonate, 3 days old, with IP. She has signs of 
a devastating encephalopathy and vesicular skin lesions. Note 
the extensive damage to large parts of the cerebral white mat- 
ter and cortex, more seriously on the left than on the right. 
The lesions have a swollen aspect. The high signal on the 



T r weighted images {third row) indicates hemorrhagic necro- 
sis. Courtesy of Dr. N. Wolf, Department of Pediatric Neurology, 
and Dr. A Seitz, Department of Neuroradiology, University Hos- 
pital Heidelberg, Germany 



is essential for NF-k-B activation. Activated NF-k-B 
normally protects against tumor necrosis factor alpha 
(TNF-a) -induced apoptosis. 

The most common mutation in IP is a genomic 
rearrangement resulting in a large deletion within the 
NEMO gene. This rearrangement, which occurs dur- 



ing paternal meiosis, is responsible for 80% of the 
new mutations. This mutation results in a lack of 
NF-k-B activation, which leads to an extreme suscep- 
tibility to proapoptotic signals, leading to embryonic 
death in males and extremely skewed X inactivation 
in females with IP. The remaining mutations are small 
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Fig. 56.2. Follow-up MRI of the girl shown in Fig. 56.1. She is 
now 5 months old.There is a serious cystic degeneration of the 
deep and subcortical cerebral white matter, more prominent- 
ly on the left than on the right. The overlying cortex is also 



involved. Courtesy of Dr. N. Wolf, Department of Pediatric Neu- 
rology, and Dr. A Seitz, Department of Neuroradiology, Univer- 
sity Hospital Heidelberg, Germany 



duplications, substitutions, and deletions. In surviv- 
ing males with IP, somatic mosaicism or a 47,XXY 
karyotype with skewed X inactivation has been 
found. 

The evolution of the lesions in females can be in- 
terpreted as representing death of cells that have the 
mutant-bearing X chromosome as the active one and 



their replacement by cells in which the normal X 
chromosome is active. This leads to extremely skewed 
X inactivation patterns in females, which save them 
from the lethal effect of the mutation. Other interpre- 
tations suggest a vasculopathy as the major patho- 
genetic mechanism for ophthalmological and brain 
damage. 
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56.4 Therapy 

No specific treatment is available. 

56.5 Magnetic Resonance Imaging 

In IP, the MRI findings are highly variable. In 
neonates with signs of active encephalopathy, MRI 
shows variably extensive areas of hemorrhagic cortex 
and white matter necrosis and edema suggestive 
of encephalitis, in particular herpes encephalitis 
(Fig. 56.1). Cystic degeneration may follow (Fig. 56.2). 
In some patients the lesions are small, whereas in oth- 
er patients the abnormalities involve most of one or 
both cerebral hemispheres. In the chronic stage, signs 



of gliotic scar tissue, focal atrophy, and secondary 
cortical dysplasia in the form of ulegyria are common 
(Fig. 56.3). The scar tissue may be unilateral or bilat- 
eral, symmetrical or asymmetrical. The lesions usual- 
ly involve both cortex and white matter of the cerebral 
hemispheres, but the most severe lesions are usually 
seen in the deep white matter. The lesions may also be 
similar to those seen in periventricular leukomalacia 
with mild, symmetrical or asymmetrical dilatation of 
the lateral ventricles due to loss of white matter vol- 
ume, periventricular white matter signal abnormali- 
ties, and disfiguration of the lateral ventricles due to 
the gliotic scarring (Fig. 56.3). The corpus callosum is 
thin. Lesions may also be seen in the cerebellum. De- 
velopmental cerebral anomalies may also be present, 
including polymicrogyria and neuronal heterotopias. 




Fig. 56.3. A 1 3-month-old girl with IP. Note the extensive 
damage to the white matter of the right cerebral hemisphere. 
The white matter damage on the left is much milder.The later- 
al ventricles are dilated, more so on the right than on the left. 



There is retraction of the cortex on the right, which is folded 
with deep narrow sulci (ulegyria). Courtesy of Dr. WJ. Feikema, 
Department of Neurology, Deventer Ziekenhuis, Deventer,The 
Netherlands 



Chapter 57 

Alexander Disease 



57.1 Clinical Features 

and Laboratory Investigations 

Alexander disease (AD) is a rare disorder of the CNS. 
Almost all cases are sporadic, but there are occasion- 
al familial cases with an apparent autosomal domi- 
nant mode of inheritance. Three clinical subgroups of 
AD can be distinguished: infantile, juvenile, and 
adult. 

In infantile AD, the onset of symptoms varies from 
birth to early childhood. The average age at onset is 6 
months. There is increasing macrocephaly together 
with feeding problems, difficulty swallowing, chok- 
ing, vomiting, failure to thrive, and signs of neurolog- 
ical deterioration. Slowing down of motor and mental 
development, loss of acquired developmental mile- 
stones, spastic quadriparesis, and seizures are usually 
present. Choreoathetosis and other extrapyramidal 
signs may occur. In some patients there are clinical 
signs of elevated intracranial pressure with bulging 
fontanel, vomiting, and papilledema at funduscopy. 
Usually funduscopic findings are normal. Nystagmus 
and eye movement abnormalities may occur. The 
children may develop apneic attacks or chronic hy- 
poventilation. The average duration of the illness is 
2-3 years, ranging from a few months to 8 years. 

In juvenile AD, the age at onset of clear symptoms 
varies from 4 to 14 years, with an average age of 9 
years. However, in retrospect subtle signs of neuro- 
logical problems have usually been observed since 
before the age of 2 years, mainly some developmental 
delay or seizures. Many of the patients have macro- 
cephaly, but this is a less consistent finding than in 
infantile AD. The patients suffer from progressive 
bulbar and pseudobulbar symptoms, with delayed 
speech development, dysarthria, hoarseness, loss of 
speech, increasing swallowing problems, and apneic 
attacks. Many patients have bouts of vomiting, espe- 
cially during morning hours. The swallowing prob- 
lems and vomiting often lead to insufficient gain in 
weight, finally necessitating tube feeding. Spasticity, 
cerebellar ataxia, seizures, behavioral changes, and 
cognitive deterioration develop. The average duration 
of illness is 8 years. 

In adult AD, the onset of symptoms is highly vari- 
able, occurring between the second and seventh 
decades. Some of the cases are familial, with an affect- 
ed parent and one or more affected children. The clin- 
ical features reported are highly variable. In some pa- 



tients the clinical course is episodic and progressive, 
as in multiple sclerosis. A chronic progressive course 
with bulbar and pseudobulbar symptoms, spasticity, 
cerebellar ataxia, and dementia has been reported. 
Nystagmus and other abnormalities in eye move- 
ments may occur. Some patients only have bulbar 
signs. Palatal myoclonus may present. Sometimes the 
disease remains asymptomatic and Rosenthal fibers 
are found at brain autopsy. Macrocephaly is not a sign 
of the disease in adults. 

Laboratory investigations are not helpful in estab- 
lishing the diagnosis of AD. CSF is normal or shows 
a nonspecific increase in protein level. The CSF 
aB-crystallin level may be elevated, as may be the CSF 
level of heat shock protein 27 (HSP27), but the sensi- 
tivity and specificity of these tests have not been as- 
sessed. High-voltage slow-wave activity and focal dis- 
charges are recorded on the EEG in most cases, with 
predominance of abnormalities over the frontal area. 
A brain biopsy or autopsy revealing the characteristic 
Rosenthal fibers used to be considered a prerequisite 
for a definite diagnosis. However, DNA-based diagno- 
sis is now possible. Sporadic patients are hetero- 
zygous for a mutation in the GFAP gene which is de 
novo and not found in one of the parents. In familial 
cases, affected family members are heterozygous for a 
mutation in the gene, the disease being transmitted in 
an autosomal dominant fashion. 



57.2 Pathology 

In infantile and juvenile AD the brain is abnormally 
enlarged. External examination may reveal macro- 
gyria. Olfactory bulbs and optic nerves are some- 
times enlarged. In many patients the lateral ventricles 
are widened, either because of hydrocephalus or be- 
cause of atrophy and tissue loss. Hydrocephalus, if 
present, is caused by narrowing of the aqueduct. Oc- 
casional cases have been reported with a greatly ex- 
panded cavum septi pellucidi, bulging into the lateral 
ventricles and compressing the foramina of Monro. 
Subependymal cysts may be seen beneath the inferi- 
or surfaces of both frontal horns. Thalami, basal gan- 
glia, cerebellum, and brain stem may be atrophic on 
inspection. 

On microscopic examination the most distinctive 
feature of AD is the presence of countless Rosenthal 
fibers throughout the CNS. Rosenthal fibers are irreg- 
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ularly shaped, elongated or round hyaline eosino- 
philic bodies up to 50 urn in length with a diameter of 
1-25 um. They are arranged radially around blood 
vessels and perpendicularly to the surface of the cere- 
bral hemispheres, brain stem, cerebellum, and spinal 
cord in the subependymal and subpial regions. In ad- 
dition, they are scattered throughout the white matter 
in all areas of the CNS. Rosenthal fibers are most 
prominent in the deep frontal white matter, the cere- 
bral cortex, the periventricular region, the basal gan- 
glia, thalami, and brain stem. Deposition of Rosenthal 
fibers in the cerebellum is variable, being sparse in 
some cases but prominent in others, involving the 
cerebellar white matter, dentate nucleus, or, rarely, the 
subpial layers of the cerebellar cortex. The fornix and 
optic nerves, chiasm, and tracts may contain many 
Rosenthal fibers. The peripheral or schwannian parts 
of the cranial nerves are always free of Rosenthal 
fibers, whereas the intraparenchymal root bundles 
may contain heavy deposits. The neurons of the cor- 
tex and basal ganglia are usually relatively well pre- 
served regardless of the degree of Rosenthal fiber 
deposition, but there may also be a serious loss of 
neurons in the frontal cortex and deep gray matter 
structures. In the brain stem the subependymal accu- 
mulation of Rosenthal fibers may lead to narrowing 
of the lumen of the aqueduct, resulting in hydro- 
cephalus. 

Throughout the CNS there are accumulations of 
hypertrophic fibrillary astrocytes, most marked in 
the subpial, subependymal, and periventricular re- 
gions. Their distribution corresponds to the greatest 
concentration of Rosenthal fibers. The astrocytes are 
often large and may contain bizarre nuclei. They have 
large amounts of cytoplasm and, in their perikaryon, 
hyaline droplets which show the staining characteris- 
tics of Rosenthal fibers. On electron microscopy it is 
evident that the Rosenthal fibers are abundant in as- 
trocytic processes and are present in smaller amounts 
in the astrocytic perikarya. On electron microscopy 
Rosenthal fibers appear as irregular, electron-dense, 
osmiophilic, granular deposits closely associated 
with intermediate glial filaments. The granular de- 
posits are non-membrane-bound. 

Another distinctive histological feature is paucity 
of myelin. The lack of myelin sheaths is generally 
most pronounced in the frontal white matter, tempo- 
ral white matter, centrum semiovale, tegmentum of 
the brain stem, and ventral and lateral columns of the 
spinal cord. As a rule the frontal white matter is the 
most severely involved. There is little or no sparing of 
the arcuate fibers. The internal capsule, parieto-oc- 
cipital white matter, and cerebellum are relatively bet- 
ter myelinated. However, in some cases the cerebellar 
white matter is also extensively involved. The brain 
stem involvement may be plaque -like with focal or 
multifocal areas of myelin paucity. In the areas of 



myelin paucity most axons are intact. The affected 
white matter is markedly cellular due to abundance of 
abnormal, hypertrophied astrocytes. No inflammato- 
ry reaction is present. Oligodendroglia do not show 
any pathological changes, but may be reduced in 
number. Cavitation occurs relatively frequently in 
AD, is usually present in the deep white matter of the 
frontal lobes, and is sometimes seen in the parietal 
lobes adjacent to the lateral ventricles and the hilus of 
the dentate nucleus. In the end stage, the white matter 
may be severely reduced in volume. 

In most cases there is a lack of myelin and at the 
same time a scarcity of sudanophilic material. Some 
authors suggest that the absence of typical features of 
active breakdown of myelin sheaths points to dis- 
turbed myelination rather than demyelination. How- 
ever, in other cases the presence of sudanophilia and 
macrophages accumulating neutral fat have been re- 
ported. Possibly, myelin paucity can be explained by a 
variable combination of disturbed myelination and 
demyelination, disturbed myelination being most 
pronounced in the patients with early onset of dis- 
ease. 

In adult cases, more rarely in juvenile cases, and in 
exceptional infantile cases, the abnormalities may be 
much more limited. Usually, brain stem, cerebellar, 
and spinal cord abnormalities dominate, with Rosen- 
thal fiber deposits and numerous hypertrophied as- 
trocytes in subpial, subependymal, and perivascular 
regions. Myelin paucity may be present in the affect- 
ed areas, but myelin density may also be normal. 
There may be focal, tumor-like lesions with mass ef- 
fect. There may also be a striking atrophy of the low- 
er brain stem and the upper part of the spinal cord. 
Microscopy of the lesions may demonstrate prolifer- 
ated astrocytes with considerable pleomorphism of 
the nuclei and occasionally multiple nuclei, resem- 
bling an astrocytoma. The Rosenthal fiber deposition 
may also be more widespread throughout the CNS. 
Likewise, there may be more extensive white matter 
abnormalities, predominantly involving the frontal 
and parietal white matter. The white matter involve- 
ment may be patchy and multifocal or diffuse. Cavita- 
tions have been reported in the frontal white matter, 
but also in the brain stem, hilus of the dentate nucle- 
us, and spinal cord. 



57.3 Chemical Pathology 

Chemical analysis of brain tissue in AD reveals signs 
of immature myelin with a relatively high content of 
glucolipids instead of galactolipids and with a rela- 
tively low cerebroside content. All myelin constituents 
are present in a lower than normal concentration as a 
consequence of the myelin paucity. Cholesterol esters 
are not elevated. 
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Rosenthal fibers consist of two components: bun- 
dles of intermediate filaments, and aggregates of 
dense material on the filaments. Biochemically, the 
major proteins of the aggregates are aB-crystallin 
and HSP27. A fraction of aB-crystallin is ubiquinated. 
The filaments contain glial fibrillary acidic protein 
(GFAP) and vimentin. GFAP is also found in the gran- 
ular aggregates. 



57.4 Pathogenetic Considerations 

AD is caused by mutations in the gene GFAP, which 
encodes GFAP and is, located on chromosome 17q21. 
The disease has an autosomal dominant inheritance 
and almost all patients have a de novo mutation, i.e., 
which is not found in one of the parents. Familial cas- 
es are mainly seen in adult AD, where patients may 
have offspring. So far, only missense mutations have 
been found. It is most likely that the mutations ob- 
served in AD act in a gain-of- function fashion. GFAP- 
null mice have a subtle phenotype which does not re- 
semble AD. On the other hand, transgenic mice with 
overexpression of human GFAP have a fatal en- 
cephalopathy that closely resembles AD. Astrocytes of 
these mice are hypertrophic and contain inclusion 
bodies that are histologically and antigenically iden- 
tical to Rosenthal fibers. It is not yet known whether 
defects in other genes may be responsible for some 
cases of AD. 

GFAP is an intermediate filament protein that is 
expressed almost exclusively in astrocytes of the CNS. 
Intermediate filaments are intermediate-sized fi- 
brous cytoskeletal polymers, which together with 
smaller actin microfilaments and larger microtubules 
form the structural framework of the cytoplasm of all 
eukaryotic cells. GFAP is the major intermediate fila- 
ment protein of astrocytes. It appears to play a role in 
the outgrowth of processes of astrocytes. A marked 
increase in GFAP is part of the complex changes seen 
in astrocytes after most types of CNS injury. Absence 
of GFAP leads to surprisingly few change in the un- 
challenged CNS, but if damage occurs, it is more se- 
vere in the absence of GFAP. For instance, experimen- 
tal allergic encephalitis is more severe in GFAP 
knock-out mice. On the other hand, accumulation of 
GFAP in astrocytes apparently leads to a stress re- 
sponse that induces the small stress proteins aB-crys- 
tallin and HSP27 and leads to the generation of 
Rosenthal fibers. 

Rosenthal fibers are inclusion bodies composed of 
intermediate filaments and the small stress proteins 
aB-crystallin and HSP27. aB-Crystallin and HSP27 
are both members of the so-called small heat shock 
protein family. They are normally present in the brain 
in small amounts and are water-soluble. The expres- 
sion of these proteins is enhanced by various stress 



conditions. They accumulate in reactive and neoplas- 
tic astrocytes, and this accumulation is associated 
with translocation of the proteins from the soluble 
fraction to the insoluble or cytoskeleton-related frac- 
tion. In the Rosenthal fibers, aB-crystallin and HSP27 
are present as insoluble aggregates bound to interme- 
diate glial filaments. The association of aB-crystallin 
and HSP27 with intermediate filaments is probably 
critical in the formation of Rosenthal fibers. Ubiqui- 
tin is another component of the Rosenthal fibers. 
Rosenthal fibers contain mono- and polyubiquitinat- 
ed conjugates of aB-crystallin. Conjugation with 
ubiquitin is the first step in a series of reactions that 
leads to intracellular nonlysosomal degradation of 
proteins. However, apparently stable ubiquitin conju- 
gates can also be formed, suggesting that proteolysis 
is not the only function of ubiquitin conjugation. 
Ubiquitin is present in various abnormal filamentous 
neuronal inclusions, such as the neurofibrillary tan- 
gles of Alzheimer disease, Lewy bodies in Parkinson 
disease, and Pick bodies in Pick disease. The presence 
of ubiquitin in these inclusions may represent an 
abortive or only partially successful attempt to de- 
grade proteins that accumulate in the abnormal states 
mentioned. 

The formation of Rosenthal fibers is in itself a non- 
specific process. Rosenthal fibers accumulate in glial 
scar tissue and glial tumors, both of which are condi- 
tions characterized by genesis of intermediate fila- 
ments. They have been reported as a focal pheno- 
menon in different types of glial tumors, multiple 
sclerosis, encephalomalacia, and syringomyelia. More 
widespread formation has been described in diffuse 
gliomatosis, central pontine and extrapontine myeli- 
nolysis, vincristine therapy, radiation therapy, and 
chronic inflammatory processes. Rosenthal fiber 
formation appears to reflect chronic pathological 
processes affecting astrocytes. 

There is evidence that myelin paucity is explained 
at least in part by disturbed myelination. In truly de- 
myelinating disorders, a macro- and microglial reac- 
tion of variable intensity is always found with evi- 
dence of phagocytic activity and presence of prod- 
ucts of myelin breakdown. In AD, no phagocytic 
transformation of macroglia and microglia is seen, 
despite a conspicuous absence of myelin sheaths. 
There is a lack of histological and histochemical evi- 
dence for the presence of lipoid products of myelin 
breakdown. There is chemical evidence of a distur- 
bance of myelin maturation. To stress the differences 
between AD and the regular "myelino clastic leuko- 
dystrophies," the disease has been called a "dys- 
myelinogenic leukodystrophy." 

The nature of the relationship between astrocytic 
abnormalities and myelin paucity, whether due to dis- 
turbed myelination, demyelination, or both, is un- 
known. Astrocytes have multiple important func- 
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tions. They provide structural support within the ner- 
vous system, and they play a central role in regenera- 
tive repair. Astrocytic foot processes provide physical 
and electrical insulation for synapses. They have an 
important role in potassium distribution, preventing 
the accumulation of potassium in the extracellular 
space during neuronal activity. They are involved in 
the metabolism of various neurotransmitters, and 
probably have a reservoir function for nutrients. As- 
trocytes and their interaction with oligodendrocytes 
are a prerequisite for oligodendrocyte differentiation 
and survival and for the deposition and maintenance 
of myelin sheaths. There are gap junctions between 
astrocytes and oligodendrocytes, which provide a 
means of interaction. Astrocytes are the "third factor," 
allowing oligodendrocytes to myelinate axons and 
to maintain the myelin sheaths already deposited 
around axons. These data indicate that astrocytic dys- 
function in the immature brain of infants, in which 
myelin is still to be laid down, may have an adverse 
effect on the process of myelination and myelin mat- 
uration, resulting in disturbed myelination and hy- 
pomyelination. In older patients astrocytic dysfunc- 
tion may lead to disturbance of myelin maintenance, 
resulting in demyelination. The reason why certain 
astrocyte populations are more involved than others 
is not clear. 

The megalencephaly in AD is caused by a combina- 
tion of astrocytic hyperplasia and massive deposition 
of Rosenthal fibers. The subsequent atrophy and cyst 
formation would be secondary to progressive astro- 
cytic cell death in association with loss of other ner- 
vous tissue components. In neuroimaging the con- 
trast enhancement is seen mainly in the frontal white 
matter, periventricular rim, basal ganglia, thalamus, 
hypothalamus, and brain stem, which are the areas 
with the highest Rosenthal fiber density. The contrast 
enhancement is probably caused by a defect in the 
blood-brain barrier related to impaired function to 
astrocytic foot plates. The Rosenthal fibers are partic- 
ularly present in astrocytic cell processes and foot 
plates, and these foot plates form an integral part of 
the blood-brain barrier. 

The topography of the pathological changes corre- 
lates with the clinical features. The frontal predomi- 
nance of the white matter abnormalities correlates 
with the frequently observed behavioral problems. 
Most patients have epilepsy, which correlates with 
cortical involvement. Bulbar signs are prominent in 
AD patients, whereas brain stem involvement is al- 
most invariably found in pathology and imaging. It is, 
however, important to note that in juvenile and adult 
AD the complete typical imaging picture is already 
present on early MRI studies obtained during the 
stage of minimal neurological dysfunction, and that 
the onset of neurological deterioration may be de- 
layed for many years. Spasticity and ataxia occur usu- 



ally relatively late, in the stage of cystic degeneration 
and atrophy of the white matter. 



57.5 Therapy 

Treatment is entirely supportive. No causal therapy is 
available. 



57.6 Magnetic Resonance Imaging 

In infantile AD, CT discloses bilateral, usually sym- 
metrical, moderately well-demarcated areas of re- 
duced density in the frontal lobes with extensions to 
the temporal and parietal lobes and the external and 
extreme capsules. The anterior limb of the internal 
capsule may be involved. The subcortical arcuate 
fibers are involved in the process. Temporarily, the 
white matter abnormalities may show mass effect 
with compression of the ventricles. A mild to moder- 
ate enlargement of the lateral and third ventricles en- 
sues, caused either by atrophy or by hydrocephalus 
due to aqueduct stenosis. In all reported cases, the 
frontal white matter abnormalities are the most se- 
vere, and occipital white matter and cerebellum are 
completely or relatively spared. However, cerebellar 
white matter may also become extensively involved. 
In many cases a rim of normal or increased density is 
seen in the subependymal region, including frontal 
periventricular white matter, caudate nucleus, thala- 
mus, hypothalamus, fornix, and the occipital periven- 
tricular white matter (Fig. 57.1). In some cases in- 
creased density has also been reported in the subpial 
cortical layers with a more patchy appearance. Con- 
trast enhancement is seen in the areas of increased 
density (Fig. 57.1). Contrast enhancement has also 
been reported in the dorsal part of the brain stem. 
However, some patients show no contrast enhance- 
ment, probably depending on the time of examina- 
tion, because the higher-density enhancing regions 
decrease as the disease progresses. The course of the 
disease is characterized by volume loss. Cysts arise in 
the white matter, especially the frontal white matter, 
and atrophy ensues. The extent of the white matter 
abnormalities may increase, but the increase is usual- 
ly not very prominent. Contrast enhancement is usu- 
ally absent in late stages of the disease. 

In juvenile AD, CT findings include frontal white 
matter hypodensity. Areas of increased density and 
contrast enhancement are less prominent than in in- 
fantile AD. Over time, white matter atrophy occurs 
and cysts may form. 

In adult AD CT abnormalities limited to the cere- 
bellar white matter and brain stem have been report- 
ed. The lesions may be space-occupying. 
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Fig. 57.1 . A CT scan without {first row) and with contrast {sec- 
ond row) in a 4-week-old baby boy with infantile AD. Note the 
increased density in the frontal white matter, a periventricular 
rim, and part of the basal ganglia on the images without con- 



trast.The same areas enhance with contrast. Courtesy of Dr. S. 
Blaser, Department of Diagnostic Imaging, Hospital for Sick 
Children,Toronto, Canada 



In infantile AD, MRI shows abnormal signal inten- 
sity of the white matter in a symmetrical distribution 
with frontal predominance (Figs. 57.2-57.4). The ab- 
normal white matter has usually a swollen aspect, 
with broadening of gyri and stretching of the overly- 
ing cortex (Fig. 57.4). However, in infantile cases it 
may be difficult or impossible to distinguish abnor- 
mal white matter from unmyelinated white matter 
and the frontal predominance may be evident only in 
the degree of hyperintensity on T 2 -weighted images 
or degree of hypointensity on T r weighted images 
and the swelling (Figs. 57.2 and 57.3). In some infants 
there is no evident frontal predominance of white 
matter abnormalities. There is a characteristic 
periventricular rim of low signal intensity on T 2 - 
weighted images and high signal intensity on T r 
weighted images (Figs. 57.2-57.4). There are usually 
prominent signal abnormalities and swelling of the 
caudate nucleus, other basal ganglia, and thalamus 
(Figs. 57.2 and 57.3). These structures may have a 
high signal on T r weighted images (Figs. 57.3 and 



57.4). In addition, there are usually lesions in the 
brain stem, most often involving the mid brain and 
the medulla (Figs. 57.2-57.4). The hilus of the dentate 
nucleus may have an abnormal signal. The fornix and 
optic nerves and chiasm may be thickened (Figs. 57.2 
and 57.3). Contrast enhancement is often prominent 
and involves the frontal white matter, ependymal lin- 
ing of the ventricles, the periventricular rim, the basal 
ganglia, thalamus, dentate nucleus, brain stem le- 
sions, fornix, and optic chiasm in variable combina- 
tions (Figs. 57.2, 57.4, 57.5 and 57.7). The frontal cor- 
tex may also show contrast enhancement (Fig. 57.4). 
Special features may be hydrocephalus due to aque- 
duct stenosis and major enlargements of a cavum 
septi pellucidi and cavum Vergae (Fig. 57.6). Sub- 
ependymal cysts may be seen at the level of the head 
of the caudate nucleus. Over time, cavitation of the 
frontal white matter may occur and may become 
prominent (Fig. 57.4). Atrophy of the affected white 
matter, basal ganglia, thalamus, brain stem, and cere- 
bellum occur (Fig. 57.4). 
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Fig. 57.2. MRI in the same boy as in Fig. 57.1, a few days later. 
The frontal white matter has at most a slightly abnormal signal 
intensity on the T 2 -weighted images; its signal intensity is 
close to normal for unmyelinated white matter. There is a 
periventricular rim of low signal intensity on the T 2 -weighted 
images, most prominent in the frontal region. The head of the 
caudate nucleus is highly swollen and abnormal in signal. The 



fornix is thickened. The midbrain and medulla contain areas 
of abnormal signal. After contrast {third row), the T] -weighted 
images demonstrate enhancement of the periventricular rim, 
frontal white matter, fornix, basal ganglia, and a central area in 
the thickened optic chiasm. Courtesy of Dr. S. Blaser, Depart- 
ment of Diagnostic Imaging, Hospital for Sick Children,Toron- 
to, Canada 
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Fig. 57.3. MRI in a 7-week-old baby girl with infantile AD. The 
frontal white matter has a higher signal intensity than normal 
for unmyelinated white matter on the T 2 -weighted images. 
There is a rim of low signal on the T 2 -weighted images and 
high signal on the T r weighted images without contrast, ex- 
tending into the frontal white matter.The caudate nucleus and 



putamen have an abnormal signal intensity and are swollen. 
The thalamus and large parts of the midbrain have an abnor- 
mal signal. The fornix is thickened. From van der Knaap et al. 
(2001), with permission; additional images courtesy of Dr. S. 
Springer, Department of Pediatrics, Ludwig Maximilian Univer- 
sity, Munich, Germany 



In juvenile AD, there is a frontal predominance of 
the white matter abnormalities (Figs. 57.8-57.10). 
The occipital and temporal white matter may be 
largely spared, but in some patients only a thin rim of 
occipital arcuate fibers is spared. The abnormal 
frontal white matter is usually involved throughout 
and mildly swollen with some broadening of the gyri. 
However, in some patients the white matter changes 
are restricted to the frontal periventricular region 
and there is no evident swelling of the abnormal 
white matter. There is a rim of low signal intensity on 
T 2 -weighted images and high signal intensity on T r 
weighted images (Figs. 57.8-57.11). The rim is often 
thin and discontinuous (Figs. 57.8-57.11). There are 
almost invariably some signal changes in the basal 
ganglia and thalamus, with some swelling (Figs. 57.8, 
57.10 and 57.11). These structures may have a high 
signal on T r weighted images (Figs. 57.10 and 57.11). 
Very characteristic are the brain stem lesions, most 



often seen in the midbrain (in the anterior part, the 
periaqueductal region, or the entire area except for 
the red nuclei and the colliculi) and the medulla 
(either in the central or the posterior part) (Fig. 57.9). 
The pontine tegmentum may be involved as well. 
Contrast enhancement may involve the frontal white 
matter, ependymal lining of the ventricles, the 
periventricular rim, the basal ganglia, thalamus, 
dentate nucleus, cerebellar cortex, brain stem lesions, 
and intraparenchymal trajectories of cranial nerves 
in variable combinations, but the enhancement is as a 
rule much more subtle than in infantile AD (Figs. 57.9 
and 57.10). Over time cavitation of the frontal white 
matter may occur (Figs. 57.10 and 57.12). The cysts 
may become very large (Fig. 57.12), but in some pa- 
tients cysts are never seen. Invariably atrophy occurs 
of the affected white matter, the basal ganglia, and the 
thalamus. The atrophic basal ganglia and thalamus 
have a high, normal, or low signal on T 2 -weighted 
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Fig. 57.4. The same girl as in Fig 57.3, now 3 months old. The 
first and second rows show the T 2 -weighted images (/eft),T r 
weighted images without contrast {middle) and with contrast 
{right).Jhe third row shows T 2 -weighted images at lower levels. 
The frontal white matter now displays much more prominent 
signal abnormalities and has a swollen appearance.There are 
small cysts in the frontal white matter. The lateral ventricles 
have become much wider, probably due to a combination of 
white matter volume loss and hydrocephalus caused by aque- 
duct stenosis. The basal ganglia are atrophic and have an ab- 



normal signal. There is a thin periventricular rim of low signal 
on T 2 -weighted images and high signal on T r weighted im- 
ages, which enhances after contrast. Parts of the basal ganglia, 
frontal white matter and frontal cortex also enhance after con- 
trast. The fornix is thickened and enhances after contrast. The 
midbrain, hilus of the dentate nucleus,and medulla contain ar- 
eas of abnormal signal. From van der Knaap et al. (2001 ), with 
permission; additional images courtesy of Dr. S. Springer, 
Department of Pediatrics, Ludwig Maximilian University, 
Munich,Germany 
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Fig. 57.5. "IVweighted images with contrast in a 3-month-old 
girl {first row) and 6-month-old girl {second row) with infantile 
AD.The images of the first row show contrast enhancement of 
spots in the frontal white matter, the basal ganglia, thickened 
fornix, dorsal part of the midbrain, and ependymal lining. 



There is cystic enlargement of the cavum septi pellucidi.The 
images of the second row demonstrate enhancement of a 
periventricular rim, basal ganglia, and spots in the brain stem 
and the colliculi 




Fig. 57.6. The "^-weighted sagittal {left) and coronal images 
{middle and right) of a 4-month-old girl with infantile AD 
show large frontotemporal cystic areas. The third ventricle is 



wide; the cavum septi pellucidi is grossly dilated. Note the 
small areas of high signal at the frontal horns, frequently seen 
in AD 
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Fig. 57.7. T 2 -weighted images (/eft),!"] -weighted images with- 
out contrast (m/c/of/e), and Tt -weighted images with contrast 
{right) in an 18-month-old boy with late-infantile AD. The 
frontal white matter is abnormal in signal. The basal ganglia 
and thalami are of mixed signal and are atrophic. There is a 
periventricular rim with low signal on T 2 -weighted images and 



high signal on T1 -weighted images, which enhances after con- 
trast. The rim is double, the inner rim being discontinuous. 
Note the small rings at the frontal horns, which enhance after 
contrast.These small rings are often seen in AD. Courtesy of Dr. 
N.Thomas, Department of Pediatric Neurology, Southampton 
General Hospital, Southampton, UK 



images (Fig. 57.9). The brain stem and cerebellum 
may also become atrophic. The extent of the white 
matter abnormalities may increase over time, but the 
increase is usually not prominent. 

MRI is capable of suggesting the diagnosis with a 
high probability of accuracy, as demonstrated by a 
high correlation with de novo GFAP gene mutations. 
MRI criteria have been defined and four of the five 
criteria have to be fulfilled for an MRI-based diagno- 
sis. 

1. Extensive, symmetrical cerebral white matter ab- 
normalities with a frontal preponderance, either 
in the extent of the white matter abnormalities, 
the degree of swelling, the degree of signal change, 
or the degree of tissue loss (white matter atrophy 
or cystic degeneration) 

2. Presence of a periventricular rim of decreased sig- 
nal intensity on T 2 -weighted images and elevated 
signal intensity on T x -weighted images 



3. Abnormalities of the basal ganglia and thalami, 
either in the form of elevated signal intensity 
and some swelling or atrophy and elevated or de- 
creased signal intensity on T 2 -weighted images 

4. Brain stem abnormalities, in particular involving 
the mid brain and medulla 

5. Contrast enhancement involving one or more of 
the following structures: ventricular lining, 
periventricular rim of tissue, white matter of the 
frontal lobes, optic chiasm, fornix, basal ganglia, 
thalamus, dentate nucleus, cerebellar cortex, and 
brain stem structures. 

These criteria were designed to facilitate diagnosis in 
typical AD patients. However, unusual MRI patterns 
have been reported in DNA-confirmed AD patients, 
which do not fulfill the above criteria. In exceptional 
patients, the frontal white matter abnormalities are 
asymmetrical (Fig. 57.13). A patient with juvenile AD 
has been reported, in whom cerebellar white changes 
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Fig. 57.8. Series of T 2 -weighted images in a 5-year-old girl 
with juvenile AD. From these images the ventrodorsal gradient 
in white matter disease is evident. The basal ganglia have a 
slightly abnormal signal intensity and a somewhat swollen ap- 



pearance.There is a thin periventricular rim of low signal.There 
are small dark round rings at the frontal horns.Thehilusofthe 
dentate nucleus is affected. There are no clear brain stem ab- 
normalities 



and swelling were most prominent (Fig. 57.14). Over 
time he also developed frontal white matter changes 
(Fig. 57.15). Additionally, there are patients, as a rule 
with juvenile or adult AD, who exclusively or almost 
exclusively have brain stem, cerebellar, or spinal cord 
lesions in variable combinations (Figs. 57.16-57.19). 
These lesions may be space-occupying, suggesting a 
multifocal glioma (Figs. 57.18 and 57.19). They are 
often asymmetrical. These lesions may show contrast 
enhancement (Figs. 57.15 and 57.17-57.19). Few pa- 
tients have been reported who only have atrophy of 
the lower part of the brain stem and upper spinal 
cord. None of these patients received contrast agent, 
so that the pattern of enhancement cannot be as- 
sessed. 

The typical AD MRI pattern is quite specific, dis- 
similar from patterns observed in other white matter 
disorders. Several leukoencephalopathies share some 
of the MRI characteristics, but none shares all of 
them. Predominant involvement of the frontal white 



matter together with involvement of diencephalic nu- 
clei and brain stem tracts as well as contrast enhance- 
ment may be seen in X-linked adrenoleuko dystrophy. 



Fig. 57.9. Series of T 2 -weighted {first and second rows) and 
contrast-enhanced T r weighted images {third and fourth rows) 
in a 1 0-year-old boy with juvenile AD.There are extensive cere- 
bral white matter abnormalities with frontal predominance. 
There is a thin, discontinuous periventricular rim of low signal 
on the T 2 -weighted images. The basal ganglia are atrophic. 
There is a lesion in the midbrain and the dorsal medulla. Both 
the cerebellar hemispheric white matter and the hilus of the 
dentate nucleus are abnormal, with the dentate nucleus 
prominently visible in between. After contrast administration 
there is some enhancement of parts of the ependymal lining 
of the lateral ventricles, the lesions in the midbrain and medul- 
la,the dentate nucleus, and the cerebellar cortex. From van der 
Knaap et al. (2001 ), with permission 
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Fig. 57.9. 
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Fig. 57.10. An 8-year-old boy with juvenile AD. The first row 
contains a T 2 -weighted image {left) and two T] -weighted im- 
ages, one without contrast {middle) and one with contrast 
{right), at the level of the basal ganglia. The second row con- 
tains T r weighted images with contrast. Note the extensive 
cerebral white matter abnormalities with frontal predomi- 
nance, the periventricular rim with a low signal on the T 2 - 
weighted image and high signal on the T r weighted image, 



and the signal abnormalities in the basal ganglia. The fornix is 
thickened. After contrast administration, enhancement of the 
periventricular rim, basal ganglia, and frontal white matter is 
seen. There are cysts of variable size in the frontal white mat- 
ter. There is a large cavum Vergae. Courtesy of Dr. C. Leite, neu- 
roradiologist, and Dr. F. Kok, pediatric neurologist, University of 
Sao Paulo Medical School, Sao Paulo, Brazil 



However, in this disorder only or mainly the genicu- 
late bodies are involved among the diencephalic nu- 
clei. The brain stem lesions primarily involve the cor- 
ticospinal, corticobulbar, visual, and auditory tracts. 
Contrast enhancement occurs within the outer bor- 
der of the white matter lesions. Similarly, some pa- 
tients with metachromatic leukodystrophy have pre- 
dominantly frontal white matter abnormalities to- 
gether with involvement of the brain stem. The brain 
stem lesions involve the long tracts. Contrast en- 
hancement is not a feature of this disease. Canavan 
disease is characterized by a combination of macro- 
cephaly, extensive cerebral white matter changes 
(without frontal preponderance), and basal ganglia 
abnormalities. However, the thalamus and globus pal- 



lidus are typically involved, with sparing of the cau- 
date nucleus and putamen. Contrast enhancement 
does not occur. In merosin-deficient congenital mus- 
cular dystrophy, extensive cerebral white matter 
changes are present with relative sparing of the occip- 
ital white matter. However, the basal ganglia and brain 
stem are spared. In megalencephalic leuko encephalo- 
pathy with subcortical cysts, extensive cerebral white 
matter changes are observed with slight swelling. 
However, there are invariably anterior temporal cysts, 
and often subcortical cysts in the frontoparietal area, 
whereas the cysts in AD affect primarily the deep 
frontal white matter. Contrast enhancement is not a 
feature of megalencephalic leuko encephalopathy 
with subcortical cysts. 
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Fig. 57.11. OneT 2 -(/eft)andone 
T r weighted image {right) in a 6-year- 
old girl with juvenile AD, showing the 
typical characteristics. Note the high 
signal of the basal ganglia on the 
"^-weighted image without contrast 





Fig. 57.12. A 7-year-old girl with juvenile AD. Note the huge 
cysts in the frontal white matter. Note also the periventricular 
rim of low signal on the T 2 -weighted image. From van der 



Knaap et al. (2001), with permission; additional images cour- 
tesy of Dr. S. Naidu, Department of Neurogenetics, Kennedy 
Krieger Institute, Baltimore, USA 




Fig. 57.13. This 5-year-old female with an unusual variant of 
AD has highly asymmetrical signal abnormalities in the frontal 
white matter. A brain biopsy was performed to rule out a low- 
grade glioma; Rosenthal fibers were found. Subsequently, a 
mutation in the GFAP gene was demonstrated, not present in 



her mother (father not investigated). The basal ganglia are 
mildly abnormal in signal and are mildly swollen, suggestive of 
AD.There are no brain stem lesions. Courtesy of Dr. N.Thomas, 
Department of Pediatric Neurology, Southampton General 
Hospital, Southampton, UK 
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Fig. 57.14. A 3-year-old boy with an unusual variant of AD. His signal abnormalities in the periventricular white matter, most 

cerebellum is highly enlarged, leading to obstructive hydro- prominent in the posterior region. A cerebellar biopsy re- 

cephalus for which a ventriculoperitoneal shunt was placed. vealed Rosenthal fibers and a de novo mutation in the GFAP 

The cerebellar white matter is abnormal in signal. He has mild gene was found 
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Fig. 57.15. The same boy as in Fig 57.14, now 12 years old. 
He is neurologically remarkably stable. His cerebellum is 
markedly reduced in size. There are periventricular white mat- 
ter abnormalities with a frontal predominance.There are slight 
signal abnormalities in the basal ganglia. The cerebellar white 



matter and hilus of the dentate nucleus display prominent sig- 
nal abnormalities.The medulla contains lesions. After contrast 
administration, a lesion in the deep parietal white matter, 
spots in the dentate nucleus, and the dorsal part of the medul- 
la show enhancement 
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Fig. 57.16. A 32-year-old patient with adult AD. He had a the cerebellar white matter abnormalities and the brain stem 

slowly progressive neurological course and died soon after atrophy. The lower brain stem is extremely thin. There are also 

the MRI. Numerous Rosenthal fibers were found at autopsy areas of abnormal signal within the brain stem. The contrast- 

and a mutation in the GFAP gene was found, not present in his enhanced T r weighted image {third row, right) shows foci of 

mother (father not investigated). Most prominent features are enhancement in the cerebellum 
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Fig. 57.17. An 11 -year-old female patient with juvenile AD 
and a mutation in the GFAP gene.There are minimal supraten- 
torial abnormalities.Some periventricular white matter abnor- 
malities are seen, most pronounced at the frontal horns. The 
basal ganglia contain slight signal abnormalities. Several small 
lesions are present in the middle cerebellar peduncle on the 



right and in the medulla. After contrast administration, en- 
hancement of the latter lesions is seen. The small rings at the 
frontal horns also show some enhancement. Courtesy of Dr. R. 
Robinson, Department of Pediatric Neurology, Guy's Hospital, 
London, UK 
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Fig. 57.18. A 14-year-old male patient with juvenile AD and a 
de novo GFAP mutation. There are no evident abnormalities in 
the supratentorial white matter. There are extensive multifocal 
and confluent abnormalities in the midbrain, pons, medulla, 
and middle cerebellar peduncles with some mass effect of the 



middle cerebellar peduncles.The hilus of the dentate nucleus 
has an abnormal signal. After contrast administration, numer- 
ous foci of enhancement are seen. Courtesy of Dr. A. Reddy, De- 
partment of Hematology/Oncology, Children's Health System, 
Birmingham, Alabama, USA 
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Fig. 57.1 9. A 7-year-old boy with juvenile AD. He had Rosen- 
thal fibers at histological examination and a de novo mutation 
in the GFAP gene. Apart from a mild dilatation of the lateral 
ventricles and a thickened fornix, the T 2 -weighted images do 
not show supratentorial abnormalities, neither in the white 
matter nor in the basal ganglia. There are multiple nodular 
lesions in the brain stem and middle cerebellar peduncles.The 



pons is mildly atrophic. After contrast, enhancement of the 
fornix and the nodular lesions in the posterior fossa is seen. 
Courtesy of Dr. L. Gonzalez Gutierrez-Solana, Neuropediatrics 
Unit, Hospital Nino Jesus, Madrid, Spain, and Dr. A. Messing, 
Department of Pathobiological Sciences, Waisman Center and 
School of Veterinary Medicine, University of Wisconsin, Madi- 
son, Wisconsin, USA 



Chapter 58 



Giant Axonal Neuropathy 



58.1 Clinical Features 

and Laboratory Investigations 

Giant axonal neuropathy (GAN) is an early-onset 
neurodegenerative disorder that affects both the PNS 
and CNS. The disease has an autosomal recessive 
mode of inheritance. Patients have characteristic 
tightly curled hair, often described as frizzy or kinky. 
Acquisition of motor milestones is delayed in most, 
but not all patients. The age at onset of progressive 
neurological problems is usually below 7 years. Pa- 
tients develop a clumsy gait and progressive weak- 
ness of the legs. The weakness spreads to involve the 
arms as well. Neurological examination reveals signs 
of peripheral neuropathy with absent reflexes, mus- 
cular atrophy, weakness, and impaired sensation, 
most marked distally. There are usually also pyrami- 
dal signs, with extensor plantar reflexes. Subsequent- 
ly, dysarthria, nystagmus, ataxia, scoliosis, and intel- 
lectual decline become apparent. Optic atrophy may 
occur. Patients may develop bulbar weakness, involv- 
ing muscles of the face, tongue, and palate. Seizures 
may occur. Urinary retention and chronic constipa- 
tion may be vexing problems and are related to in- 
volvement of peripheral autonomic nerves. Preco- 
cious puberty may occur. Most patients are of small 
stature. Patients usually become wheelchair-depen- 
dent in the first or second decade of life and die be- 
tween the ages of 10 and 30 years. 

Neurophysiological examination reveals signs of a 
severe axonal neuropathy. Somatosensory, visual, and 
brain stem auditory evoked potentials show pro- 
longed conduction times or absence of reproducible 
responses. Sural nerve biopsy, showing axonal loss 
and large axonal swellings, which consist mainly of 
tightly packed neurofilaments, supports the diagno- 
sis. DNA confirmation is possible. 



58.2 Pathology 

The brain is unremarkable on external examination. 
On sectioning, some dilatation of the lateral ventri- 
cles and thinning of the corpus callosum may be 
found. The cerebral and cerebellar white matter may 
be abnormal with sparing of the U fibers. 

Histological examination of the cortex reveals in- 
creased numbers of astrocytes and scattered Rosen- 
thal fibers. The Rosenthal fibers are positive in im- 



munostaining for glial fibrillary acidic protein. In ad- 
dition, occasional giant axons are found, measuring 
up to 100 um or more in diameter. They are short, 
globular to fusiform or balloon-like enlargements or 
long cigar-like or corkscrew-shaped axonal thicken- 
ings. They stain positively with silver stains and anti- 
neurofilament antibodies. The cerebral white matter 
may be diffusely gliotic with a variable loss of myelin, 
the frontal and parietal lobes being most affected and 
the U fibers being relatively spared. In other patients, 
however, absence of myelin loss has been reported. 
Rosenthal fibers are aggregated around blood vessels. 
Low numbers of giant axons are seen within the cere- 
bral white matter. The central gray matter structures 
also contain increased numbers of astrocytes, scat- 
tered Rosenthal fibers, and occasional giant axons. 
Optic nerves and tracts show fiber loss and gliosis. 
The cerebellar cortex displays loss of Purkinje and 
granule cells and hyperplasia of Bergmann astro- 
cytes. In the cerebellar white matter, loss of nerve 
fibers and increase of astrocytic processes and 
Rosenthal fibers is found. Giant axons and Rosenthal 
fibers are scattered throughout the brain stem. In par- 
ticular, the pyramidal tracts are shrunken and gliotic, 
display loss of nerve fibers, and contain many giant 
axons. The spinal white matter contains excessive 
numbers of astrocytes. There are subpial clusters of 
Rosenthal fibers. Giant axons are particularly numer- 
ous in the posterior columns, especially in the cer- 
vical region, and the lateral corticospinal tracts, 
especially in the lower thoracic and lumbar region. 
Electron microscopy of the axonal swellings reveals 
enormous accumulations of neurofilament, often 
arranged in a whorl-like, interlacing pattern. Nonde- 
script electron-dense granules are interspersed 
among filamentous masses. The myelin sheaths of the 
enlarged axons are abnormally thin and disintegra- 
tion of myelin lamellae may be seen. 

Sural nerve biopsy reveals enlarged axons with 
spindle-shaped focal distensions of non -myelinated 
and thinly myelinated nerve fibers. Myelin sheaths 
around the swellings are abnormally thin and the 
largest swellings often lack a covering of myelin over 
a part of their length. Ultrastructurally, the disten- 
sions are composed of closely packed neurofilaments, 
which often form a whorl pattern. There are closely 
associated electron-dense granules. Microtubules, 
microtubule-mitochondrial complexes, and cisterns 
of smooth endoplasmic reticulum, instead of being 
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dispersed among the neurofilaments as in normal 
axoplasm, are frequently seen gathered together with- 
in the filament-free areas at the center or periphery of 
the axonal swelling. In muscles, the typical pattern of 
neurogenic atrophy is found. 

In conclusion, the pathology is that of a distal 
axonopathy most severely affecting peripheral 
nerves, pyramidal tracts, posterior spinal columns, 
and the cerebellum. It is important to note that 
Rosenthal fibers have not been reported in all pa- 
tients. 



58.3 Pathogenetic Considerations 

The gene related to giant axonal neuropathy, GAN, is 
located on chromosome 16q24.1 and encodes a ubi- 
quitously expressed protein, gigaxonin. 

Giant axonal neuropathy is characterized by cyto- 
skeletal abnormality. The hallmark of the disease is 
the presence of giant axonal swellings, which are 
densely packed with aberrant neurofilaments, abnor- 
mal microtubule network, and accumulation of other 
membranous organelles. Neurofilaments belong to 
the intermediate filaments. In GAN, an abnormal ac- 
cumulation of multiple tissue-specific intermediate 
filaments is found in a wider range of cells than only 
neurons, suggesting a generalized disorganization of 
intermediate filament networks. Aggregations of 
vimentin have been reported in endothelial cells, 
Schwann cells, and cultured skin fibroblasts, and ag- 
gregations of glial fibrillary acidic protein are found 
in astrocytes. Keratin intermediate filaments are 
altered, leading to the characteristic kinky hair. 

The cytoskeletal network is responsible for cell ar- 
chitecture, intracellular transport, mitosis, cell mobil- 
ity, and differentiation. It is composed of micro- 
tubules, actin microfilaments, and intermediate 
filaments, which interconnect through cross-linking 
proteins. The properties of the network formed are 
modulated by different associated proteins. Cyto- 
skeletal organization and dynamics depend on pro- 
tein self-associations and interactions with a variety 
of binding partners such as microtubule-associated 
proteins (MAPs). 

Gigaxonin binds directly to microtubule-associat- 
ed protein IB light chain (MAP1B-LC), a protein in- 
volved in maintaining the integrity of cytoskeletal 
structures and promoting neuronal stability. The in- 
teraction of gigaxonin with MAP1B-LC enhances 
microtubule stability, required for axonal transport 
over long distance. In line with this, the neurofilament 
accumulations in GAN, leading to the segmental 
distension of axons, mainly affect distal portions 
of the long tracts. Some of the mutations found in 
GAN patients have been shown to lead to loss of 
gigaxonin-MAPlB-LC interaction. The devastating 



axonal degeneration and neuronal death found in 
GAN patients point to the importance of gigaxonin 
for neuronal survival. 



58.4 Therapy 

No specific treatment is available. Therapy is support- 
ive. 



58.5 Magnetic Resonance Imaging 

The MRI findings described in GAN are variable, 
probably at least partly depending on the stage of the 
disease. In some patients, no or minimal cerebral 
white matter abnormalities are present (Fig. 58.1). 
The white matter abnormalities may be diffuse and 
subtle (Fig. 58.3), sometimes with multifocal spots of 
more prominent signal change superimposed. In oth- 
er patients, extensive and confluent white matter ab- 
normalities are present, symmetrically involving the 
cerebral white matter in a diffuse fashion (Fig. 58.2) 
or with a predominance in the frontoparietal region. 
The corpus callosum and U fibers tend to be spared. 
The posterior limb of the internal capsule, pyramidal 
tracts, and medial lemniscus in the brain stem, mid- 
dle cerebellar peduncles, hilus of the dentate nucleus, 
and cerebellar white matter may display signal 
changes (Figs. 58.2 and 58.3). The white matter ab- 
normalities are progressive over time (Figs. 58.1 and 
58.2). The lateral ventricles become mildly dilated due 
to white matter volume loss and the cerebellar vermis 
becomes atrophic over time. 

In our experience the MR images in GAN have a 
certain resemblance to the images in Alexander dis- 
ease, which is interesting since both are characterized 
by Rosenthal fiber deposition. The basal ganglia 
may have a slightly abnormal signal and a slightly 
swollen aspect (Figs. 58.1 and 58.3). The areas with 
high signal on T x -weighted images include the 
ependymal lining (Fig. 58.1), a thin periventricular 



Fig. 58.1. A 6-year-old female patient with GAN. The T 2 - 
weighted images {upper two rows) show a diffuse slight signal 
abnormality of the cerebral white matter. The basal ganglia 
have a slightly abnormal signal and slightly swollen appear- 
ance. The T] -weighted images {third row) show that the 
ependymal lining of the lateral ventricles and the globus pal- 
lidus have a slightly increased signal. After contrast adminis- 
tration {fourth row), subtle enhancement of the ependymal lin- 
ing is seen. Courtesy of Dr. S. Blaser, Department of Diagnostic 
Imaging, Hospital for Sick Children, Toronto, Canada. 
(Fig. 58.1 see next page) 
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Fig. 58.1. 
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Fig. 58.2. 
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rim (Fig. 58.3), and the globus pallidus (Figs. 58.1 and 
58.3). The thin periventricular rim may have a low 
signal on T 2 -weighted images (Fig. 58.3). The ependy- 
mal lining shows subtle contrast enhancement 
(Figs. 58.1 and 58.3). Areas in the dorsal medulla may 
also show contrast enhancement (Fig. 58.2), which is 
often seen in Alexander disease. 



Fig. 58.2. At the age of 1 4 years, diffuse cerebral signal abnor- 
malities are seen in the same girl, sparing the corpus callosum 
and to some extent the U fibers.The posterior limb of the in- 
ternal capsule, pyramidal tracts and medial lemniscus in the 
brain stem, hilus of the dentate nucleus, and cerebellar white 
matter are also involved. The contrast-enhanced T r weighted 
images reveal contrast uptake in multiple spots with the cere- 
bellum, pons, and the dorsal part of the medulla. Courtesy of 
Dr. S. Blaser, Department of Diagnostic Imaging, Hospital for 
Sick Children,Toronto, Canada. (Fig. 58.2 see last page) 



Fig. 58.3. The T 2 -weighted images {upper two rows) of her 
brother, who also suffers from GAN, at the age of 3 years, show 
diffuse slight signal abnormalities in the cerebral white matter 
with sparing of the U fibers and corpus callosum. The posteri- 
or limb of the internal capsule, pyramidal tracts and medial 
lemniscus in the brain stem, hilus of the dentate nucleus, and 
cerebellar white matter are also involved.There is a thin rim of 
low signal around the lateral ventricles on the T 2 -weighted 
images, most evident in the posterior region. This rim has an 
increased signal on ^-weighted images {third row) and en- 
hances after contrast {fourth row). The globus pallidus also has 
a slightly increased signal on ^-weighted images {third row). 
Courtesy of Dr. S. Blaser, Department of Diagnostic Imaging, 
Hospital for Sick Children,Toronto, Canada. 
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Fig. 58.3. 



Chapter 59 



Megalencephalic Leukoencephalopathy 
with Subcortical Cysts 



59.1 Clinical Features 

and Laboratory Investigations 

Megalencephalic leukoencephalopathy with subcorti- 
cal cysts (MLC) is a rare leukoencephalopathy with an 
autosomal recessive mode of inheritance. The disease 
is relatively prevalent among Turkish people and in a 
certain Asian- Indian community, the Agarwal ethnic 
group. Macro cephaly is present at birth or, more 
frequently, develops during the first year of life. The 
degree of macrocephaly is variable and is impressive 
in some of the patients. After the first year of life the 
head growth rate normalizes and growth follows a 
line parallel to the 98th percentile, usually several 
centimeters above it. Initial mental and motor devel- 
opment is normal in most cases, mildly delayed in 
some of the patients. Apart from progressive macro- 
cephaly, the first clinical sign is usually a delay in 
walking. Walking is often unstable and the child falls 
frequently. After an interval of several years, a slow 
deterioration of motor function is noted with devel- 
opment of axial ataxia and ataxia of the extremities. 
Signs of pyramidal dysfunction are late and minor, 
and are as a rule dominated by the signs of cerebellar 
ataxia. Muscle tone tends to be low, apart from some 
ankle hypertonia. Reflexes become high and Babinski 
signs become apparent. Gradually the ability to walk 
independently is lost, and most children become 
completely wheelchair-dependent at the end of the 
first decade or in the second decade of life. Almost all 
patients have epilepsy from early on, usually easily 
controlled with medication. Mental deterioration is 
late and mild. Decreasing school performance be- 
comes evident during the later years of primary 
school. In a minority of patients, intellectual capaci- 
ties are mildly decreased from the beginning. A rela- 
tively late and slow decrease in intelligence is also 
noted in these patients. Speech becomes increasingly 
dysarthric and the patients may also develop dyspha- 
gia. Some patients display extrapyramidal movement 
abnormalities with dystonia and athetosis. Minor 
head trauma has been reported to induce temporary 
deterioration in some patients, most often with 
seizures or status epilepticus, prolonged uncon- 
sciousness, or acute motor deterioration with gradual 
improvement. 

Some patients have a more severe clinical course 
and maintain the ability to walk independently only 



for a few years or never achieve independent walking. 
Some patients have a more benign clinical course. As 
a teenager they may have normal mental and motor 
function and only have borderline macrocephaly. 
Some patients still walk independently in their for- 
ties. As the disease has been known for only a relative- 
ly short time, little information exists about average 
life span. Some patients have died in their teens or 
twenties, but others are alive in their forties. 

In extensive laboratory investigations no abnor- 
malities are found. CSF protein is normal. Peripheral 
motor and sensory nerve conduction velocities and 
electromyogram are normal. Evoked potentials are 
initially normal in most patients. BAEPs remain nor- 
mal, but VEPs and SSEPs deteriorate over the years 
with prolongation of latencies and abnormal cortical 
responses. EEG is initially normal. Subsequently, 
background slowing occurs and abnormalities are 
seen such as sharp waves, spikes, and spike-wave 
complexes with variable location. Abnormal photo - 
paroxysmal responses are seen in some of the pa- 
tients but not in all. 

Presently, the diagnosis is MRI-based. Analysis of 
the MLC1 gene can be performed, and abnormalities 
are found in 60-70 % of the patients with typical MRI 
findings. Some families without mutations in MLC1 
exclude linkage to the MLC1 locus, implying that 
there must be another gene or genes related to MLC. 
Prenatal diagnosis is possible in families with known 
mutations in MLC1 . 



59.2 Pathology 

Brain biopsy was performed in one patient (van der 
Knaap et al. 1996). The cortex was normal. A status 
spongiosus of the cerebral white matter was found 
with presence of innumerable vacuoles. Myelin 
sheaths had a normal thickness and density and there 
were only minor signs of myelin breakdown. The 
white matter showed intense fibrillary astrogliosis. 
Electron microscopy revealed splitting of myelin 
sheaths at the intraperiod line with intramyelinic vac- 
uole formation. The splitting involved only the outer 
lamellae of the myelin sheaths; the vacuoles were cov- 
ered by only one or two myelin layers. There was no 
evidence of axonal degeneration or loss. The cerebral 
cortex was normal. 
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59.3 Pathogenetic Considerations 

There is one gene known to be related to MLC: MLC1, 
formerly called KIAA0027 y located on chromosome 
22qtel. Mutations in MLC1 are found in approximate- 
ly 70% of the MLC patients. Different mutations 
have been found. Within the Agarwal ethnic group, 
the patients are homozygous for the same founder 
mutation. Among Turkish patients, however, different 
mutations are found and there is no evidence for a 
founder mutation among them. There is no evident 
genotype-phenotype correlation. Some families 
without mutations in MLC1 exclude linkage to the 
MLC1 locus, implying that there must be another 
gene or other genes related to MLC. 

MLC1 encodes a membrane protein of unknown 
function with eight transmembrane domains. The 
MLC1 protein is highly conserved throughout evolu- 
tion in a variety of different vertebrate species that 
produce myelin. Orthologues are not found in eu- 
karyotes that do not produce myelin, suggesting an as 
yet undiscovered fundamental function of MLC 1 re- 
lated to myelin. Sequence analysis of the MLC1 pro- 
tein does not reveal any similarity to known proteins 
or protein domains. Most proteins with eight trans- 
membrane domains have a transport function. Both 
the C- and the N-terminus of MLC 1 are located with- 
in the cytoplasm. MLC1 is expressed in the brain and 
all types of blood leukocytes. Within the brain, the 
MLC1 protein is specifically expressed in astrocytic 
endfeet in perivascular, subependymal, and subpial 
regions. Astrocytic endfeet form part of the blood- 
brain barrier. This localization suggests a possible 
role for MLC1 in a transport process across the 
blood-brain barrier. The blood-brain barrier is a dif- 
fusion barrier for the exchange of molecules and is 
formed by seamlessly joined endothelial cells of the 
capillary wall, the basal lamina, and astroglial end- 
feet. The role of astrocytes in the blood-brain barrier 
is not well defined. They are separated from the 
endothelial cells by the basal lamina and do not con- 
tribute directly to the physical barrier. Perivascular 
astroglial endfeet contain many transport proteins, 
including transporters of monocarboxylates, glucose, 
glutamate, and water. 

Given the presence of vacuoles in the outer layer of 
the myelin sheaths in MLC, the role of astrocytic end- 
feet in water homeostasis in the brain is of special 
interest. Different water channel proteins or aquapor- 
ins are present in the brain. Aquaporin-4 shows a lo- 
calization in the astroglial endfeet similar to MLC1. 
Aquaporin-4 is associated with the dystrophin-asso- 
ciated glycoprotein complex (DAGC). This complex 
links the actin cytoskeleton to the extracellular ma- 
trix. Interestingly, some congenital muscular dystro- 
phies, which are caused by mutations in members of 
the dystrophin-associated glycoprotein complex, also 



show white matter abnormalities on MRI. Especially 
the MRI pattern of merosin-deficient congenital 
muscular dystrophy is very similar to that of MLC. 
Myelin vacuolation is seen in both MLC and merosin- 
deficient congenital muscular dystrophy. Another 
possibility is that MLC1 is involved in transporting 
molecules that are essential for oligodendrocytes or 
myelin. Mutations in MLC1 may affect myelin sheath 
formation or compaction. An argument in favor of 
this possibility is the fact that the rapidly increasing 
macrocephaly of MLC develops during the period of 
most rapid myelin formation, the first year of life, 
whereas head growth rate slows down and becomes 
normal in the second year of life. It is probable that 
the myelin vacuoles arise during the myelin deposi- 
tion. In agreement with this, Schmitt et al. (2003) 
show that MLC1 mRNA expression in the murine 
brain peaks during a transitional period of astrocytic 
specialization that occurs in white matter during 
myelination, suggesting a role for MLC1 in myelin 
formation. 

The white matter has a very abnormal aspect on 
MRI at an early age (the youngest child was 1.5 years 
old when imaging was performed), when neurologi- 
cal examination is still normal or near-normal and 
evoked responses are normal. Thus, despite its highly 
abnormal appearance, the white matter is functional- 
ly intact or largely intact during these early years. Ap- 
parently the presence of the vacuoles in the outer part 
of the myelin sheaths permits normal function. Over 
the years, MRI shows some decrease in white matter 
swelling and some enlargement of lateral ventricles 
and subarachnoid spaces, a process accompanied by 
clinical deterioration. The basis of the deterioration is 
not known. 

The gene KIAA0027/MLC1 has also been implicat- 
ed in catatonic schizophrenia. However, this has so far 
not been substantiated. Among patients and family 
members known to be carriers, the incidence of psy- 
chiatric illness is not increased. 



59.4 Therapy 

So far all attempts at treatment have failed. Patients 
have been treated with diuretics and acetazolamide, 
but neither the clinical symptoms nor the white matter 
swelling improved. Treatment with creatine monohy- 
drate did not lead to objective improvement either. 



59.5 Magnetic Resonance Imaging 

In MLC the cerebral hemispheric white matter is dif- 
fusely abnormal and swollen (Figs. 59.1-59.6). The 
swelling is most marked during the first years of life, 
with obliteration of peripheral CSF spaces and nar- 
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Fig. 59.1. 
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Fig. 59.1 . {continued). MRI series of a 6-year-old girl with MLC. 
The upper row of T r weighted sagittal images show the 
swollen white matter and the cysts in the frontal and temporal 
region. The U fibers in the posterior region of the cerebral 
hemispheres, corpus callosum, brain stem,and cerebellum are 
relatively normal in signal intensity. The second and third rows 
shows these features on axial T 2 -weighted images. A large 
cavum septi pellucidi and cavum Vergae are visible.The corpus 



callosum is largely spared. The posterior limb of the internal 
capsule contains two lines of abnormal signal with a line of 
normal signal in between. The midbrain, pontine tegmentum, 
pyramidal tracts in the basis of the pons, and cerebellar white 
matter are mildly abnormal in signal but not swollen. The 
fourth and fifth rows contain the proton density images, which 
reveal the many subcortical cysts 




Fig. 59.2. Three ADC maps of the same patient as in Fig. 59.1 . 
ADC values are highly elevated within the cerebral hemispher- 
ic white matter, for instance 2.06-2.47 x 10~ 3 mm 2 /s in the 
frontal white matter (normal white matter ADC 0.85-0.95). 



ADC values are normal in the basal ganglia (0.74-0.94 x 
10~ 3 mm 2 /s) and mildly elevated within the cerebellar white 
matter (1 .10-1 .32 x 1 0" 3 mm 2 /s) 



rowing of ventricles (Fig. 59.1). In older children and 
adults the hemispheric white matter swelling is less 
severe, peripheral CSF spaces are more prominently 
visible, and the ventricular system becomes enlarged 
(Fig. 59.3 and 59.4). On FLAIR images parts of the 
cerebral white matter may have a slightly lower signal 
intensity than the remainder of the abnormal white 
matter, related to the very high water content of the 



white matter. The external and extreme capsules are 
prominently involved. The central white matter struc- 
tures, including the corpus callosum, anterior limb of 
the internal capsule, posterior limb of the internal 
capsule (in part), and a periventricular rim of occipi- 
tal white matter are relatively spared. The posterior 
limb of the internal capsule shows either a double line 
of abnormal signal intensity over its whole length 
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Fig. 59.3. An 18-year-old boy with MLC. The cerebral white 
matter is diffusely abnormal and mildly swollen, but less so 
than in the previous patient. Note again the sparing of the cor- 
pus callosum and the presence of a double line of high signal 



from the posterior limb of the internal capsule.There are mild 
signal abnormalities in the cerebellar white matter. There are 
cystic lesions in the anterior temporal and frontal regions 



(Figs. 59.1 and 59.3) or a signal abnormality mainly in 
its distal part (Fig. 59.4). Some sparing of arcuate 
fibers may be seen, most often in the occipital area 
(Figs. 59.3 and 59.4). In the majority of patients, the 
cerebellar white matter shows only a mild abnormal- 
ity in signal intensity and no swelling (Figs. 59.1, 59.3 
and 59.4). In some patients minor abnormalities are 



seen in the brain stem, especially the pyramidal tracts 
(Fig. 59.1). There are almost invariably subcortical 
cysts in the anterior temporal region, often also in the 
frontal and parietal subcortical regions (Figs. 59.1 
and 59.3-59.6). The cysts are bilateral. So far, the 
anterior temporal cysts have only been found to be 
lacking in some young infants and children with 
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Fig. 59.4. A 20-year-old woman, showing that some atrophy has now developed 



MLC. The cysts tend to become larger with age and 
may increase in number. In some patients they be- 
come very large (Fig. 59.5). The signal intensity of the 
contents of the cysts is always similar to that of CSR In 
accordance with this, T x and T 2 of cyst contents and 
CSF are also similar. A patent and enlarged cavum 
septi pellucidi and cavum Vergae are often present 
(Figs. 59.1 and 59.3). Cortical gray matter structures 
and basal nuclei are always normal. 



Since the gene for the disease has been found, less 
prominent white matter abnormalities have been 
documented in patients with clinically mild disease 
(Fig. 59.6). Early MRI may show the typical diffuse 
cerebral white matter abnormalities with swelling 
(Fig. 59.6a), whereas follow-up MRI may show that 
the cerebral white matter now has a normal signal 
intensity in large areas and is less swollen (Fig. 59.6 b). 
It is mainly the subcortical white matter that remains 
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Fig. 59.5. A 5-year-old girl with MLC. The subcortical cysts are huge. Courtesy of Dr. J. Wolf, Biochemical Genetics Clinic, Universi- 
ty of Wisconsin-Madison, Madison, Wisconsin, USA 



abnormal. Still, the characteristic subcortical cysts 
are present. 

MRS has revealed a reduction of all signals per vol- 
ume, indicative of the high water content of the brain. 
Relative to creatine, AT-acetylaspartate is decreased 
and rayo-inositol is increased, suggesting axonal 
damage and gliosis. Diffusion tensor imaging shows 
increased ADC values in the cerebral white matter 
and reduced anisotropy (Fig. 59.2). 



Similar white matter changes with swelling have 
been reported in Canavan disease, Alexander disease, 
L-2-hydroxyglutaric aciduria, and merosin-deficient 
congenital muscular dystrophy. However, in Canavan 
disease, as a rule, MRI demonstrates additional 
involvement of the thalamus and globus pallidus, 
not found in MLC patients. Special MRI findings in 
Alexander disease are a more prominent sparing of 
parieto-occipital white matter and often also sparing 
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Fig. 59.6 a. Girl with DNA-confirmed MLC The first MRI (a) 
was obtained at the age of 5 years; the second (b) at the age 
of 1 1 years. Whereas the first images show a classical pattern 



of abnormalities (a), the white matter looks much more nor- 
mal than usual for MLC on the follow-up MRI (b).The subcorti- 
cal cysts, however, remain present 



of the U fibers throughout. Basal ganglia and brain 
stem structures are typically involved. Contrast en- 
hancement of certain brain structures is typically 
present. Cavitation starts in the deep frontal white 
matter. None of these features is present in MLC. In 
L-2-hydroxyglutaric aciduria MRI shows additional 
involvement of caudate nuclei, putamen, dentate 



nuclei, and severe atrophy of the cerebellar vermis, 
not observed in MLC. The MRI abnormalities ob- 
served in merosin-deficient congenital muscular dys- 
trophy are very similar to those observed in MLC. 
Subcortical cysts were observed in one patient with 
a later-onset variant of muscular dystrophy with 
leuko encephalopathy and swelling. 
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Fig. 59.6 b. {continued). 



Chapter 60 

Congenital Muscular Dystrophies 



60.1 Clinical Features 

and Laboratory Investigations 

Congenital muscular dystrophies (CMD) are a het- 
erogeneous group of congenital myopathies that are 
hereditary and often progressive. They are often asso- 
ciated with abnormalities of the brain and eyes. Only 
those types that are associated with significant white 
matter abnormalities are discussed in the present 
chapter. 

1 . Fukuyama congenital muscular dystrophy (FCMD) 

2. Muscle-eye-brain disease (MEB) 

3. Walker- Warburg syndrome (WWS) 

4. Merosin-deficient congenital muscular dystrophy 
(MDC1A) 

5. MDC1C 

6. MDC1D 

WWS has many alternative names, including Walker's 
lissencephaly, Warburg syndrome, cerebro-oculo- 
muscular syndrome, cerebro-ocular dysplasia-mus- 
cular dystrophy syndrome, and HARD±E syndrome 
(/zydrocephalus, agyria, and retinal dysplasia with or 
without encephalocele). The disease has an autoso- 
mal recessive mode of inheritance. Severe neurologi- 
cal dysfunction is evident from birth onwards. Hypo- 
tonia is profound and neonatal reflexes are often poor 
or absent. In about 40% of the patients congenital 
contractures are present. The affected neonates are 
immobile and unreactive. In many patients progres- 
sive hydrocephalus is evident from birth onwards 
with macrocephaly and bulging fontanel. Shunting 
may be required. In other patients hydrocephalus is 
not evident at birth but develops soon afterwards. A 
few patients have microcephaly. About 30% of the 
patients have an occipital meningocele or encephalo- 
cele. Epileptic seizures occur frequently. Ophthalmo- 
logical abnormalities are multiple and diverse and in- 
clude defects of the anterior and posterior chambers: 
corneal opacities, microcornea, megalocornea, iris 
atrophy, iris coloboma, iridolental synechiae, narrow 
iridocorneal angle with or without glaucoma and 
buphthalmos, cataract, persistent hyperplastic pri- 
mary vitreous, chorioretinal coloboma, retinal dys- 
plasia, retinal detachment, optic disc hypoplasia, op- 
tic disc coloboma, and unilateral or bilateral mi- 
crophthalmia. Some patients have cleft palate and 
cleft lip. Genital abnormalities including small penis 
and undescended testes are common in males. In the 



months following birth, the infants show profound 
mental and motor retardation with rarely any devel- 
opment beyond the newborn level. However, the clin- 
ical picture varies considerably, even within the same 
sibship. Survival varies from the neonatal period to 
over 5 years, but most children die within the first 
year of life. 

In Japan, FCMD is the second most frequent of the 
muscular dystrophies, Duchenne muscular dystrophy 
being the most frequent. The disease is almost exclu- 
sively reported in Japan. Inheritance is autosomal re- 
cessive. Onset of clinical symptoms is in the neonatal 
or early infantile period with marked hypotonia and 
hypokinesia. Motor development is delayed to a vari- 
able degree. In most patients motor functions are ac- 
quired gradually and the maximum motor develop- 
ment has been reached by the age of 2-8 years. The 
majority of patients never manage to stand or walk; 
the highest developmental level is usually crawling on 
hands and knees. The distribution of affected muscles 
is generalized, but proximal muscles are slightly more 
severely affected than distal muscles. The facial mus- 
cles are also affected, resulting in a hypotonic facial 
expression. Muscular atrophy is prominent. Pseudo- 
hypertrophy of the calves is found in some patients. 
After the age of about 8 years, motor functions grad- 
ually deteriorate. Joint contractures are not usually 
found in the neonatal period, but flexion contractures 
of hips, knees, and elbow joints, limited anteflexion of 
the cervical spine, and contractures of the joints of 
the hands develop consecutively during the first few 
years of life. There is invariable involvement of the 
CNS, often with microcephaly, and always with severe 
mental retardation, which is not progressive. Seizures 
occur in more than half the patients, usually in the 
form of generalized tonic-clonic convulsions. In a 
minority, infantile spasms are found. Ophthalmologi- 
cal abnormalities are present in about half of the pa- 
tients and include strabismus, nystagmus, optic nerve 
pallor, mild to severe myopia, cataract, and, less often, 
chorioretinal degeneration and retinal vascular ab- 
normalities. The average life span in Fukuyama type 
CMD is estimated to be about 12 years; patients rarely 
live beyond the age of 20. However, with respiratory 
support patients may live beyond this age. In a few 
cases FCMD is more severe and resembles WWS in 
phenotype. In these cases patients have more severe 
muscular weakness, never achieving head control or 
the ability to sit without support, they may have pro- 



452 Chapter 60 Congenital Muscular Dystrophies 



gressive hydrocephalus requiring shunt implantation, 
and they have more severe ophthalmological abnor- 
malities. 

Most reports concerning MEB come from Finland. 
The disease has an autosomal recessive mode of in- 
heritance. Clinical symptoms are similar to those of 
WWS, but tend to be milder. Muscle hypotonia and 
poor visual contact are noted in the neonatal or early 
infantile period. The typical facial appearance is char- 
acterized by a relatively large head with a high and 
prominent forehead, wide fontanel, flat midfacies, 
short nose, and short philtrum. In about half of the 
patients there are some signs of hydrocephalus dur- 
ing the first year of life, with a mildly increased head 
growth rate, but shunt implantation is required in 
only some of the patients. Motor development is vari- 
ably but generally severely retarded. Some of the pa- 
tients show hardly any developmental progress, 
whereas others achieve sitting without support at the 
age of 10 years and walking with support after more 
than 10 years of life. Muscle weakness is generalized, 
but in the extremities weakness is slightly more 
prominent in the proximal muscles. Facial muscles 
are usually not involved. Contractures develop gradu- 
ally and not in every patient. There is always involve- 
ment of the CNS with marked mental retardation. 
However, some patients do acquire the ability to 
speak. Most patients develop seizures, and occasion- 
ally infantile spasms. Ophthalmological examination 
typically reveals severe visual failure with severe my- 
opia. Additional ocular signs include glaucoma, reti- 
nal degeneration, choroidal hypoplasia, optic nerve 
pallor, and cataract. Between the ages of 5 and 25 
years progress of psychomotor development ceases in 
many patients and deterioration sets in with loss of 
mental and motor abilities and development of signs 
of spasticity, particularly in the legs. The age at death 
is highly variable: some patients die at the age of 6 
years, whereas others survive until their fifties. 

In Europe, merosin-deficient CMD (MDC1A) is the 
commonest form of CMD. Inheritance is autosomal 
recessive. Generalized hypotonia is noted in infancy 
with a delay in motor development. Most children do 
not acquire independent ambulation. Muscle weak- 
ness and atrophy are severe and generalized and in- 
clude facial weakness. Contractures are usually pre- 
sent, either at birth or later in life. Most children have 
a normal intelligence, some have a mild intellectual 
impairment, but severe mental deficiency is rare. 
Some of the patients have macrocephaly. Some chil- 
dren develop seizures. Eyes and visual function are 
normal. Additionally, there may be cardiac involve- 
ment that is usually subclinical, rarely clinically evi- 
dent. There is neurophysiological evidence of periph- 
eral nerve involvement with reduced motor and sen- 
sory nerve conduction velocities, but clinically the 
neuropathy is overshadowed by the myopathy. Pro- 



gression of weakness may be noted at the end of the 
first decade, with death between 10 and 20 years. 
However, survival beyond 20 years has been de- 
scribed. Some patients have a milder presentation, 
related to partial merosin deficiency. Patients have 
later-onset slowly progressive muscle weakness, 
mainly limb-girdle type, and achieve ambulation. 
Rarely, they may display signs of CNS dysfunction. 
Some patients are adults and (still) asymptomatic. 

A new CMD syndrome has been defined, designat- 
ed MDC1C. The patients present soon after birth with 
hypotonia and severe weakness. They have weakness 
and wasting of the shoulder girdle muscles, and 
weakness and hypertrophy of the leg muscles. In 
some patients, cognitive development is normal, as is 
MRI of the brain, whereas other patients display men- 
tal retardation and, on MRI, cerebral white matter ab- 
normalities and subcortical cerebellar cysts. MDC1C 
is allelic with limb-girdle muscular dystrophy 21 
(LGMD21), a much milder muscular disease. MDC1C 
and LGMD21 may occur in the same family. 

Another new CMD syndrome has been designated 
MDC1D. Apart from a congenital muscular dystro- 
phy, mental retardation is present. The phenotypic 
variability still has to be defined. 

In addition to the above, more or less well-delin- 
eated syndromes, there are many patients remaining 
who have an unclassified CMD. Some of these pa- 
tients have merosin deficiency; most of them do not. 
Many of these patients do not have accompanying 
brain abnormalities, but some do. Some of the pa- 
tients in this group of unclassified CMD cases have 
white matter abnormalities. Some patients have white 
matter abnormalities similar to MDC1A, whereas 
muscle merosin staining is normal. Other patients 
have more limited white matter abnormalities. Still 
others have cerebellar abnormalities, brain stem ab- 
normalities, or gyral abnormalities. The classification 
and basic defects in these patients remain to be eluci- 
dated. 

In laboratory examinations, a moderately in- 
creased CK level is consistently found in almost all 
patients. However, exceptional patients may have a 
normal CK level, and, therefore, a normal CK value 
does not rule out the presence of a CMD. Patients with 
a partial merosin deficiency have lower CK than clas- 
sical MDC1 A patients, who have markedly increased 
CK. Electromyography reveals signs of myopathy. In 
MDC1A, peripheral nerve conduction velocities are 
decreased. Muscle biopsy contributes to the diagnosis 
of CMD, revealing dystrophic changes. These include 
marked variation in fiber size with presence of at- 
rophic and hypertrophic fibers, fiber necrosis with 
presence of phagocytes, increased number of fibers 
with internal nuclei, increased interstitial fibrosis, 
and replacement by adipose tissue. No inflammatory 
infiltration is found, with the exception of some pa- 
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tients with MDC1A, in whom the findings may be 
suggestive of myositis. There are no significant histo- 
logical differences between the different CMD vari- 
ants. However, the use of different antibodies con- 
tributes to establishing the correct diagnosis. In 
MDC1 A there is isolated negative (usually complete- 
ly negative) immunostaining for laminin-a2 in mus- 
cle. In some patients with a milder phenotype a par- 
tial deficiency is found. Skin biopsy is also useful to 
assess the laminin-a2 status of a patient. In FCMD, 
MEB, MDC1C, and MDC1D muscle, severely de- 
creased immunostaining for a-dystroglycan and a 
variable but less severe reduction for laminin-a2 are 
observed. In WWS immunostaining for a-dystrogly- 
can is decreased, but immunostaining for laminin-cx2 
tends to be normal, although decreased immunos- 
taining has also been reported. It is important to real- 
ize that there are several antibodies against different 
epitopes of laminin-cx2. The results of immunostain- 
ing may be different with different antibodies. DNA- 
based prenatal diagnosis is possible in families with a 
known mutation in one of the genes related to the 
CMDs. 



60.2 Pathology 

In WWS the leptomeninges are thick and tend to 
obliterate the subarachnoid space with fibrous and 
heterotopic neuroglial tissue. The brain surface may 
be smooth on external examination, with only an in- 
terhemispheric fissure present and a markedly fore- 
shortened sylvian fissure due to incomplete develop- 
ment of the opercula. The brain surface may also have 
areas of pachygyria and polymicrogyria with an ir- 
regular verrucous appearance. Bands of gliotic tissue 
cross the interhemispheric fissure, especially frontal- 
ly, fusing the hemispheres. On sectioning, the lateral 
ventricles are markedly to severely enlarged; only in 
exceptional cases are the ventricles normal. The cere- 
bral mantle is usually seriously reduced in width. The 
deep nuclei are present in their normal position but 
are usually small. The corpus callosum and septum 
pellucidum are often absent or hypoplastic. The aque- 
duct is small and stenotic. The quadrigeminal surface 
elevations are fused and the mammillary bodies do 
not protrude from the ventral surface. The brain stem 
is small and the pons markedly hypoplastic. Olfacto- 
ry and optic nerves are attenuated or absent. The 
cerebellar vermis, especially the posterior vermis, and 
the cerebellar hemispheres are hypoplastic, often 
associated with an enlarged fourth ventricle and a 
retro cerebellar cyst, constituting a Dandy- Walker 
malformation. In about 25 % of the patients a posteri- 
or encephalocele or meningocele is present, contain- 
ing either an extension of a retrocerebellar cyst, cere- 
bellar tissue, or, rarely, tissue of supratentorial origin. 



Factors contributing to ventricular enlargement are 
aqueduct stenosis, disturbed fluid dynamics associat- 
ed with the Dandy- Walker malformation, and block- 
age of the arachnoid granulations by fibroglial tissue. 
The cerebral cortex is abnormally thick with absent 
white matter interdigitations or with irregular, shal- 
low indentations in the otherwise smooth cortical 
ribbon. On microscopic examination the cortex is se- 
verely disorganized, with no recognizable lamination 
and widespread disruption by gliofibrillary bundles 
accompanying vessels from the pial surface. Agyria or 
pachygyria with severe disorganization of the cortex 
and absence of lamination is called lissencephaly type 
II. Neuronal heterotopias are present scattered in the 
white matter and in the subependymal region. The 
white matter is reduced in volume, poorly myelinated, 
gliotic, spongy, and often strikingly edematous with 
occasionally cavitations. Myelination is virtually ab- 
sent in some cases. In the brain stem corticospinal 
tracts are grossly absent. The pontine nuclei and mid- 
dle cerebellar peduncles are usually absent. Within 
the smooth, afoliar cerebellar cortex microscopic 
changes are found similar to those in the cerebral cor- 
tex, but the abnormalities are less severe, as some 
organization into layers is usually present. Cerebellar 
white matter is better myelinated. 

In FCMD superficial gliomesenchymal prolifera- 
tion is present on the surface of the brain and spinal 
cord, leading to thickened leptomeninges adherent to 
the surface of the CNS. Microscopically, glioneural 
heterotopias are found in the leptomeninges. Exten- 
sive cortical dysplasia of cerebrum and cerebellum is 
present. The pattern of the cortical dysplasia is always 
symmetrical, but varies in severity from site to site 
and from case to case. As a rule, the cortical dysplasia 
is most prominent in the frontal and temporal lobes, 
whereas the occipital lobe is relatively spared. Occa- 
sionally the frontal cortex shows focal interhemi- 
spheric fusions. The primary sulci (central, calcarine, 
parieto-occipital, and cingulate) are present, sec- 
ondary sulci are shallow, and the gyral surfaces have 
an irregular appearance. The cortical dysplasia may 
take the form of unlayered polymicrogyria (lissen- 
cephaly type II), or smooth, four-layered pachygyria, 
or verrucose dysplasia with superficial cellular nod- 
ules within a normally stratified six-layer cortex. The 
polymicrogyria is also called pachygyric polymicro- 
gyria (or polymicrogyric pachygyria), because the 
microgyri are fused and the external appearance of 
the brain is pachygyric; polymicrogyria is only a mi- 
croscopic finding. In most patients the three men- 
tioned types of cortical dysplasia are present to a vari- 
able extent. Many breaches are present in the glia lim- 
itans-basal lamina complex overlying the cerebral 
cortex. In the CNS a basement membrane is observed 
in the boundary between nervous tissue and lep- 
tomeninges forming part of the pial-glial barrier. At 
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the site of the breaches, neural tissue protrudes. The 
exposed surfaces of the extruded neuroglial elements 
lack basal lamina, come into contact with adjoining 
elements, and fuse with each other, leading to devel- 
opment of polymicrogyria. During this process, ves- 
sels in the subarachnoid space, which were originally 
located over the cortical surface, become entrapped. 
The border between cerebral cortex and white matter 
is irregular. Ectopic nerve cells are found in the sub- 
cortical white matter, near the ventricles and dissem- 
inated within the white matter. The ventricles are of- 
ten mildly dilated. Overt hydrocephalus is not pre- 
sent. The pyramidal tracts in the brain stem are hy- 
poplastic and dysplastic and have an abnormal 
course. Within the cerebellar cortex, areas of polymi- 
crogyria are present. In the cerebellum mesenchymal 
tissue proliferation appears to have occurred inside 
the cerebellar parenchyma to form numerous small 
cavities bordered by neuroglial elements. The cere- 
bral white matter changes vary in severity. Myelin 
paucity and gliosis are seen, but without signs of 
breakdown, particularly in the younger children, 
whereas normal myelination may be seen in older 
children. In a patient in whom brain tissue was inves- 
tigated at two different points of time, myelination 
was very poor and astrogliosis marked in brain biop- 
sy material, whereas at autopsy 4 years later, myelina- 
tion proved to be only slightly less than normal and 
astrocytosis was mild. 

In MEB, the cerebral gyral pattern is coarse on in- 
spection, with an abnormal nodular surface, sugges- 
tive of pachygyric polymicrogyria. Agyric areas have 
been found in the lateral convexity of the occipital 
lobes. On sectioning, the cortex is abnormally thick. 
Microscopic examination reveals that almost the 
entire cortex is severely disorganized apart from the 
basomedial occipital lobe and hippocampus. The ab- 
normally thick cortex lacks horizontal laminae and 
vertical columns. The neurons are haphazardly ori- 
ented and form irregular clusters or islands separated 
by gliovascular strands extending from the pia. In 
places, irregular bundles of myelinated axons pene- 
trate the cortex from the white matter. The pia-arach- 
noid is focally thickened and adherent to the cortex. 
The pial-cortical border is irregular. The white mat- 
ter is reduced in volume and shows a moderate and 
variable degree of myelin pallor and gliosis. The ven- 
tricles are dilated to a variable extent. The septum pel- 
lucidum may be absent. The cerebellar cortex is also 
severely disorganized and lacks normal foliae, espe- 
cially on the upper surface. The vermis is severely 
hypoplastic. The interface between pia-arachnoid 
and cerebellar cortex is distorted. Gliovascular 
strands penetrate the cerebellar cortex. The brain- 
stem is thin and the pons is flat. 

In MDC1 A only two histopathological reports have 
been published. Echenne et al. (1984) report on an 18- 



year-old patient. The external appearance of the brain 
was normal. Furthermore, no abnormalities of cere- 
bral and cerebellar cortex were found on microscopic 
examination and there were no neuronal heterotopias 
within the white matter. Extensive myelin pallor was 
found bilaterally with sparing of the arcuate fibers. 
Abnormalities were most severe in the frontoparietal 
white matter, whereas the occipital white matter was 
less severely affected. On microscopic examination 
there was a spongy appearance of myelin. Moderate 
astrocytic proliferation and vascular hyperplasia 
were found. No changes were found in basal ganglia, 
brain stem, or cerebellum, including cerebellar white 
matter. Taratuto et al. (1999) report on a 4-month-old 
patient. The patient had bilateral occipital cortical 
dysplasia with irregular lamination and fusion of 
adjacent gyri at microscopy. Multifocal glioneural 
leptomeningeal heterotopias were present. The white 
matter had a normal stage of myelination for a 
4-month-old infant. The cerebellar vermis was hy- 
poplastic. Sural nerve biopsy in MDC1A patients 
shows a reduction of large myelinated fibers, short 
internodes, enlarged nodes, excessive variability of 
myelin thickness, tomacula, and uncompacted 
myelin, but no evidence of demyelination. 



60.3 Pathogenetic Considerations 

The dystrophin-associated glycoprotein (DAG) com- 
plex is present in several tissues including muscle, 
heart, nerve, and brain. This complex has a crucial 
role in linking the cytoskeletal proteins with the ex- 
tracellular basal lamina. In muscle this complex func- 
tions by linking the actin-associated cytoskeleton of 
the muscle fibers to the extracellular matrix via dys- 
trophin and the laminin-oc2 chain of merosin. The 
dystrophin-associated glycoprotein complex is cru- 
cial for normal contraction of muscle. a-Dystrogly- 
can is a peripheral membrane component of the dys- 
trophin-associated glycoprotein complex. Structural 
defects in the dystrophin-associated glycoprotein 
complex, leading to defects in the linkage between 
merosin in the extracellular matrix and actin in the 
subsarcolemmal cytoskeleton, cause various muscu- 
lar dystrophies. Duchenne and Becker muscular dys- 
trophies are related to mutations in dystrophin. Muta- 
tions in various sarcoglycans result in limb -girdle 
muscular dystrophies. Mutations in the gene LAMA, 
which is located on chromosome 6q and encodes 
the laminin-a2 chain of merosin, result in MDC1A. 
WWS,FCMD,MEB,MDClC,andMDClD are charac- 
terized by hypoglycosylation of a-dystroglycan. Gly- 
cosylation is the most common form of post-transla- 
tional protein modification, necessary for proteins to 
achieve their proper structure, function, and stability. 
It is a complex process where sugars are added to pro- 
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teins as they pass through the endoplasmic reticulum 
and the Golgi apparatus. Attached glycans can be di- 
vided into two groups according to their linkage 
to the protein. AT-Glycans are linked to asparagine; 
O-glycans are attached to serine or threonine. a-Dys- 
troglycan is normally a heavily glycosylated protein, 
and hypoglycosylation abolishes the binding activity 
of the protein for laminin, neurexin, and agrin, all of 
which are components of the basement membrane. In 
20% of WWS patients the disease is caused by muta- 
tions in the gene POMT1, which is located on chromo- 
some 9q34.1 and encodes O-mannosyltransferase 1. 
FCMD is related to mutations in the gene FCMD, 
which is located on chromosome 9q31 and encodes 
the protein fukutin. The function of fukutin is un- 
known, but based on amino acid homology with sev- 
eral phosphoryl-ligand transferases, it is hypothe- 
sized to be a glycosyltransferase. MEB is caused by 
mutations in the gene POMGNT1, located on chromo- 
some lp33-34, which encodes the protein O-manno- 
syl- p 1 ,2-JV-acetylglucosaminyltransferase- 1 
(POMGnTl). This enzyme uses an O-linked mannose 
as a substrate. Fukutin-related protein, encoded by 
the gene FKRP, located on chromosome 19ql3.3, is 
highly homologous to fukutin and also a putative gly- 
cosyltransferase. Mutations in the gene LARGE, locat- 
ed on chromosome 22ql2.3-ql3.1, lead to MDC1D. 
Large is a putative glycosyltransferase. 

In WWS, about 20 % of the patients have a defect in 
O-mannosyltransferase 1, the enzyme that putatively 
catalyzes the first step in O-mannosyl glycan synthe- 
sis. The O-mannosyl glycans of a-dystroglycan are 
critical for binding laminin-a2. WWS is genetically 
heterogeneous and several WWS families do not link 
to the POMT1 locus. It is very likely that defects in 
the other proteins involved in O-mannosylglycosyla- 
tion underlie the remaining, unexplained WWS pa- 
tients. 

FCMD occurs almost exclusively in Japan. About 
95 % of FCMD patients share a specific haplotype on 
one or both alleles in the critical region of chromo- 
some 9, supporting the hypothesis of a founder of the 
disease in the Japanese population. In all patients 
sharing this haplotype, a 3-kb retrotransposal inser- 
tion into the 3 > -untranslated region of the gene is 
found. Various other mutations have been found. The 
frequency of a severe phenotype with WWS -like 
manifestations such as hydrocephalus and microph- 
thalmia is higher among patients who are compound 
heterozygous for the Japanese founder mutation than 
among the patients who are homozygous for the 
founder mutation. The observed lack of Japanese pa- 
tients with two nonfounder mutations suggests that 
such cases might be fatal in utero. This may also ex- 
plain why few FCMD patients have been reported in 
non-Japanese populations in which the Japanese 
founder mutation does not occur. The rare non- 



Japanese patients with mutations in FCMD tend to 
have a very severe, WWS-like clinical phenotype. 

MEB is caused by a defect in the O-mannosyl gly- 
can synthesis. POMGnTl normally adds an N- acetyl- 
glucosamine residue to an O-linked mannose. This is 
the second step in O-mannose glycosylation. It has 
been demonstrated that sialyl O-mannosyl glycan is 
the laminin-binding ligand of a-dystroglycan. The 
hypothesis that defects in O-mannosylation weaken 
the laminin-binding and consequently may be re- 
sponsible for muscular dystrophy led to the detection 
of a defect in POMGnTl as the cause of MEB. Some 
patients with severe POMGNT1 mutations have a 
WWS-like phenotype. Patients with mutations near 
the S'-terminus tend to have a more severe clinical 
phenotype than patients with mutations near the 
3 > -terminus. 

Laminin is a heterotrimer composed of three 
different polypeptides, called a-, p~, and y-chain, 
of which different subtypes are known. These chains 
assemble into a number of different laminin variants, 
but every laminin has one a-, one p~, and one y-chain. 
Laminin-2, or merosin, is composed of a2-pl-yl.lt is 
the a2-chain that is mutated in MDC1A. Classical 
MDC1A is associated with mutations that drastically 
affect the expression or structure of laminin-a2. A 
wide range of milder phenotypes is caused by partial 
laminin-a2 deficiency, produced by mutations in 
LAMA2 that permit production of a partially func- 
tional protein or a reduced amount of normal pro- 
tein. Merosin is not only present in muscle tissue, but 
also in the brain. In the brain merosin is localized on 
the brain surface at the glia limitans and on the base- 
ment membrane of blood vessels. Furthermore, 
merosin is present in the endoneurial basement 
membrane that surrounds the myelin sheath of pe- 
ripheral nerve fibers and individual Schwann cells. In 
laminin-a2 deficiency, the basement membrane in 
skeletal muscle and peripheral nerves is disrupted or 
completely absent, indicating that laminin-a2 is es- 
sential for formation of basement membrane in these 
tissues. There is evidence that the formation of a 
basement membrane is a prerequisite of myelination 
in peripheral nerves. Under conditions that prevent 
basement membrane formation, Schwann cells fail to 
ensheath and myelinate nerve fibers. 

Defects in the gene FKRP lead to a severe form of 
CMD, designated MDC1C, and a milder limb -girdle 
muscular dystrophy, designated LGMD21. Most pa- 
tients with MDC1C do not have structural brain ab- 
normalities. However, it has been shown that severe 
mutations in FKRP may lead to an MEB or even WWS 
phenotype. 

Large is a putative bifunctional glycosyltrans- 
ferase. One putative catalytic region has a high ho- 
mology to members of the bacterial WaalJ family of 
putative a-glycosyltransferases involved in the syn- 
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Fig. 60.1 . A 4-month-old boy with WWS.The third and lateral 
ventricles are highly enlarged due to aqueduct stenosis. The 
corpus callosum is thin and high-arched. Note the presence 
of a cingulate gyrus, indicating that there is no agenesis of the 
corpus callosum. The septum pellucidum is absent. The colli- 
culi are fused. The pons is extremely hypoplastic and there is a 
pontomesencephalic kink. The cerebellum is extremely hy- 
poplastic with characteristics of a Dandy-Walker malforma- 



tion. The cerebral cortex is agyric on the outside, whereas the 
irregular inner border indicates a disorganized, polymicrogyric 
cortex, compatible with lissencephaly type II. The cerebellar 
cortex is also disorganized. The cerebral hemispheric white 
matter has an abnormal signal throughout. Only the brain 
stem appears to contain some normal myelin. From Van de 
Knaap et al. (1 997), with permission 



thesis of lipopolysaccharides or lipo-oligosaccha- 
rides. The second catalytic domain is closely related 
to J-p-l,3-AT-acetylglucosaminyl transferase, an en- 
zyme required for the synthesis of the poly-N-acetyl- 
lactosamine backbone, which is attached to AT-gly- 
cans, O-glycans, and glycolipids. 

Whether the brain and eye symptoms in the WWS, 
FCMD, MEB, MDC1C, and MDC1D are related to the 
defect in glycosylation of a-dystroglycan or other 
proteins is less clear. Brain-specific disruption of a- 
dystroglycan during embryonic development causes 
neuronal overmigration and fusion of cerebral hemi- 
spheres in mice. This suggests that disrupted glycosy- 
lation of a-dystroglycan is also at least in part respon- 
sible for the brain abnormalities. The white matter 
abnormalities reported in the CMDs are variable and 



their pathogenesis is unclear. Retarded but ongoing 
myelination may contribute in some cases, especially 
in FCMD and MEB. However, in FCMD and MEB, too, 
the cerebral white matter abnormalities have a higher 
signal on T 2 -weighted images and a lower signal on 
T r weighted images than is compatible with straight- 
forward hypomyelination, but reduction in the white 
matter abnormalities has been observed on follow- 
up. In WWS and MDC1A the white matter abnormal- 
ities are more impressive and mildly swollen, suggest- 
ing sponginess, which has been confirmed at autopsy. 
The role of the white matter abnormalities in deter- 
mining the clinical picture seems to be minor in all 
CMD variants. The disease is mostly explained by the 
severity of the cortical dysplasia and the muscular 
dystrophy. 
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Fig. 60.2. A 1 0-month-old girl with WWS.The lateral and third 
ventricles are markedly dilated despite the shunting. Note the 
thin and high-arched corpus callosum, which is just visible.The 
septum pellucidum is absent. The colliculi are fused.The pons 
and cerebellar vermis are hypoplastic. The cerebral cortex is 
pachygyric. In the anterior region the cortex is abnormally 
thick, whereas it is thinner in the parietal areas.The irregular in- 
ner border indicates a disorganized, polymicrogyric cortex, 
compatible with lissencephaly type ll.There is a rim of periven- 



tricular heterotopias. The cerebellar cortex is also disorga- 
nized, with the presence of many small subcortical cysts. The 
cerebral hemispheric white matter has an abnormal signal 
throughout. Only the brain stem and cerebellar white matter 
appear to contain myelin. Courtesy of Dr. C.E. Catsman- 
Berrevoets, Department of Child Neurology, Sophia Children's 
Hospital and Erasmus University Medical Center, Rotterdam, 
The Netherlands 



60.4 Therapy 

No definitive treatment is possible, only supportive 
care. Physiotherapy is of major importance. In some 
patients a slight improvement in strength and a fall in 
CK activity have been noted on administration of 
corticosteroids. However, in other patients no im- 
provement was found. Considering the major adverse 
effects of chronic use of corticosteroids, this mode of 
therapy remains controversial. Respiratory support 
may prolong life. 



60.5 Magnetic Resonance Imaging 

In WWS, MRI almost invariably shows severe hydro- 
cephalus (Figs. 60.1-60.3). A normal ventricular size 
is highly unusual. Because of the severe hydro- 
cephalus and very thin cerebral mantle, the quality of 
the white and gray matter may be difficult to assess. In 
patients in whom a cerebral mantle of some thickness 
is present, the abnormalities are easier to recognize. 
The cortex is either totally agyric (Fig. 60.1) or folded 
in broad, somewhat better formed gyri (Figs. 60.2 and 
60.3). The cortex is smooth on the external side but 
the border with the white matter is irregular, reflect- 
ing the underlying polymicrogyria and disorganiza- 
tion of the cortex with frequent disruption by glio- 
fibrillary bundles (Figs. 60.1-60.3). In some cases ex- 
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Fig. 60.3. A 6-year-old boy with WWS. The lateral and third 
ventricles are mildly dilated. The corpus callosum is high- 
arched.The septum pellucidum is partially absent.The colliculi 
are fused.The pons and cerebellar vermis are hypoplastic. The 
cerebral cortex is pachygyric and irregular, compatible with 
lissencephaly type II. There are many small periventricular het- 
erotopias.The cerebellar cortex is disorganized, with the pres- 



ence of many small subcortical cysts.The cerebral hemispher- 
ic white matter has an abnormal signal throughout and is 
swollen.There are multiple large subcortical cysts.The cerebel- 
lar white matter also has an abnormal signal intensity. Only the 
corpus callosum and the brain stem have a normal low signal. 
From Van der Knaap et al. (1 997), with permission 
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Fig. 60.4. 
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Fig. 60.4. {continued). A male patient with FCMD.The first and 
second rows show the MRI at 5 months, the third and fourth 
rows contain the MRI obtained at 21 months,the/7*ff/?ands/xf/? 
rows show the MRI obtained at 7 years.The frontoparietal cor- 
tex displays the characteristics of a polymicrogyric pachygyria, 
whereas the occipital cortex is smooth and very thick. The 
cerebellar cortex is also dysplastic with distortion of the nor- 
mal horizontal foliae and presence of subcortical cerebellar 
cysts. The pons is flat. The lateral ventricles are somewhat 



dilated. The cerebral white matter is diffusely abnormal in sig- 
nal at 5 months, but improvement is seen over time. At 7 years 
the posterior cerebral white matter is normally myelinated, 
whereas the frontal periventricular and deep white matter has 
an abnormal signal intensity.The corpus callosum and internal 
capsule have a normal signal intensity. Courtesy of Dr. N. Aida, 
Department of Radiology, Kanagawa Children's Medical Cen- 
ter, Yokohama, Japan 



tensive subcortical and subependymal heterotopic 
neuronal nodules are seen (Figs. 60.2 and 60.3). The 
cerebral white matter has a high signal intensity on 
T 2 -weighted images throughout and a low signal in- 
tensity on the T r weighted images (Figs. 60.1-60.3). 
The white matter may have a mildly swollen appear- 
ance and multiple cysts may be present within 
this highly abnormal looking white matter (Fig. 60.3). 
The corpus callosum is often very thin and high- 
arched, and may not be visible. However, the presence 
of a gyrus cinguli strongly suggests that it is not 
an agenesis of the corpus callosum, but rather an 
extreme thinning due to severe hydrocephalus 
(Figs. 60.1-60.3). The septum may be absent, proba- 
bly also related to the long-standing hydrocephalus of 
antenatal origin (Figs. 60.1-60.3). The third ventricle 



is also enlarged and the aqueduct is narrow. Fusion of 
the superior and inferior colliculi is typically seen 
(Figs. 60.1-60.3). There is often a pontomesence- 
phalic kink and the pons is extremely hypoplastic 
(Figs. 60.1-60.3). The cerebellum is highly hypoplas- 
tic in all its elements, in particular in the vermis. The 
cerebellar surface is smooth, without foliae or with ir- 
regular, small foliae. Multiple small subcortical cere- 
bellar cysts are seen (Figs. 60.2 and 60.3). In some pa- 
tients the posterior fossa is extremely small, but in 
other patients the fourth ventricle is enlarged and in 
open communication with an enlarged retrocerebel- 
lar space, forming either the full-blown Dandy- Walk- 
er malformation or the less severe Dandy- Walker 
variant (Fig. 60.1). A posterior meningocele or ence- 
phalocele is often present. 
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In FCMD, MRI reveals cerebral cortical dysplasia, 
showing gyri that are too few and too broad, and in- 
complete opercularization (Fig. 60.4). In most areas 
the slightly thickened cortex has an irregular aspect 
with little dots and an irregular inner border, reflect- 
ing polymicrogyria and verrucose cortical dysplasia. 
This type of cortical dysplasia is seen in frontopari- 
etotemporal areas (Fig. 60.4). In some areas the cortex 
is thicker and has a smooth inner and outer surface. 
This type of cortical dysplasia is mainly seen in the 
temporo-occipital region (Fig. 60.4). The ventricular 
system is mildly enlarged and often has a colpo- 
cephalic aspect. In neonates the cerebral white matter 
looks normal for unmyelinated white matter. In in- 
fants and young children the cerebral white matter 
looks diffusely abnormal, with a higher signal on 
T 2 -weighted images and lower signal on T x -weighted 
images than is compatible with straightforward 
hypomyelination (Fig. 60.4a). On repeated MRI pro- 
gress of myelination is seen, the rate being variable 
(Fig. 60.4 b,c). In some patients there is still hardly 
any myelin after several years. In some older children 
diffuse white matter lesions are seen. Most patients 
have multifocal lesions in the cerebral white matter 
(Fig. 60.4b, c). The lesions vary in size and distribu- 
tion. In a few patients no white matter abnormalities 
are found. The corpus callosum, internal capsule, and 
brain stem display a normal myelin signal. MRI also 
shows cerebellar cortical dysplasia, with irregularly 
distorted folia. There are subcortical cerebellar cysts 
(Fig. 60.4b, c). The pons is flat (Fig. 60.4). 

In MEB, MRI shows a variable ventricular enlarge- 
ment, ranging from normal to markedly dilated. The 
cortical dysplasia is variable, both between different 
areas of the brain and between patients (Figs. 60.5 
and 60.6). The frontal, temporal, and parietal areas are 
the most abnormal, whereas the configuration of the 
occipital cortex is close to normal. The cortex is 
slightly too thick and folded in broad gyri with an 
irregular inner border, compatible with pachygyric 
polymicrogyria (Figs. 60.5 and 60.6). Operculariza- 
tion is incomplete. Neuronal heterotopias may be 
seen in the white matter. The cerebral white matter is 
either normal (Fig. 60.6) or contains multifocal white 
matter abnormalities (Fig. 60.5). The corpus callosum 
may be dysplastic and thin and the septum pellu- 
cidum may be incomplete. The superior and inferior 
colliculi are fused. The pons is hypoplastic. The cere- 
bellum, in particular the vermis, may be small. The 
cerebellar cortex is dysplastic and there are multiple 
small subcortical cerebellar cysts (Figs. 60.5 and 60.6). 

In classical MDC1A, MRI shows prominent white 
matter changes (Figs. 60.7 and 60.8). The white matter 
appears mildly swollen, leading to broadening of the 
gyri with stretching of the overlying cortex. On CT it 
is difficult to distinguish between primary cortical 
dysplasia and secondary broadening of the gyri as a 



consequence of white matter swelling. MRI shows 
that the cortex is not thicker than normal and does 
not have the irregular inner border of pachygyric 
polymicrogyria (Figs. 60.7 and 60.8). However, some 
MDC1A patients have occipital cortical dysplasia 
with an agyric outer border but irregular inner 
border and evidence of subcortical ectopic neurons, 
similar to the lissencephaly type II seen in WWS 
(Figs. 60.9 and 60.10). In patients with occipital 
agyria the occipital horn of the lateral ventricles may 
be focally dilated (Fig. 60.9). The dysplasia is bilateral 
but may be larger on one side than the other, with al- 
so a more prominent enlargement of the occipital 
horn on the most seriously affected side. In MDC1A, 
the white matter is near-normal in the first few 
months of life (Fig. 60.9). From the second half of the 
first year onwards, MRI shows swollen white matter 
with a high signal on T 2 -weighted images, low on T r 
weighted images. In most patients the white matter 
abnormalities are extensive and confluent, but in 
some patients they are a bit less extensive and some- 
times they are multifocal. The abnormalities have a 
frontal predominance and the occipital white matter 
is better preserved. In some cases the subcortical 
areas are spared throughout. The corpus callosum, 
internal capsule, optic radiation, brain stem, and cere- 
bellar white matter are consistently spared. The white 
matter changes appear to be nonprogressive over 
the years. In patients with occipital agyria, the 
occipital white matter may be markedly abnormal 
(Fig. 60.9). In some patients hypoplasia of the pons is 
seen (Fig. 60.7). The cerebellum may also be hy- 
poplastic. In CMD patients with partial merosin defi- 
ciency, white matter abnormalities are more variable. 
Some patients have extensive white matter abnormal- 
ities similar to those seen in classical MDC1 A. In oth- 
ers the white matter abnormalities are more limited 
in extent (Fig. 60.10). Occipital agyria may also occur 
in patients with partial merosin deficiency (Fig. 
60.10). 

In the two patients with adult-onset signs of mus- 
cular dystrophy and cerebral dysfunction reported by 
van Engelen et al. (1992), the white matter abnormal- 
ities are identical to those of MDC1A patients. A spe- 
cial finding is that the oldest patient, 29 years of age, 
has cysts in the subcortical area in the tips of the tem- 
poral lobes and the parietal area. With these cysts the 
MR pattern becomes indistinguishable from the pat- 
tern of megalencephalic leuko encephalopathy with 
subcortical cysts, described in Chap. 59. 

In the MDC1C patients with mutations in the 
FKRP gene and cerebral abnormalities, variable cere- 
bral white matter abnormalities and the presence of 
subcortical cerebellar cysts have been reported 
(Figs. 60.11 and 60.12). However, most patients with 
FKRP mutations have normal MRI. 
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Fig. 60.5. A 2.5-year-old girl with MEB.The frontal, temporal, 
and parietal cortex is the most abnormal, whereas the config- 
uration of the occipital cortex is close to normal.The abnormal 
cortex is slightly too thick and folded in broad gyri with an 
irregular inner border, indicative of pachygyric polymicro- 
gyria. Neuronal heterotopias are seen in the white matter 
along the lateral ventricles. The frontal, parietal, and temporal 



white matter contains extensive signal abnormalities, whereas 
the occipital white matter is normal. The corpus callosum, 
internal capsule, brain stem, and cerebellar white matter have 
a normal signal.The inferior vermis is hypoplastic.The superior 
and inferior colliculi are fused. The pons is hypoplastic. There 
are multiple small subcortical cerebellar cysts 
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Fig. 60.6. A 9-year-old boy with MEB. 
The frontal cortex is too thick and has 
an irregular inner border, indicative of 
underlying polymicrogyria.The inferi- 
or vermis is hypoplastic. The superior 
and inferior colliculi are fused. The 
pons is hypoplastic. There are multiple 
small subcortical cerebellar cysts. 
The lateral ventricles are mildly dilat- 
ed, more so on the right than the left. 
The white matter is normal. Courtesy 
of Dr. P.G. Barth, Department of Child 
Neurology, Academic Medical Center, 
Amsterdam,The Netherlands 




In the single MDC1D patient reported (Long- 
man et al. 2003), MRI revealed diffuse cerebral white 
matter abnormalities with mild swelling of the ab- 
normal white matter leading to broadening of 
gyri (Fig. 60.13). The cerebral cortex showed signs 
of diffuse polymicrogyria. The pons was hypoplas- 
tic. 



It is clear that MRI plays an important role in the 
classification of CMD patients during life. The corti- 
cal dysplasia, pons hypoplasia, subcortical cerebellar 
cysts, and different types of white matter involvement 
are highly suggestive of the diagnosis CMD. MDC1A 
may be confused with megalencephalic leuko- 
encephalopathy with subcortical cysts, but the sub- 
cortical cysts are as a rule lacking. 
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Fig. 60.7. A 6-year-old girl with classical MDC1A. The MRI whereas the occipital white matter is better preserved. The 

shows prominent white matter changes.The abnormal white corpus callosum, internal capsule, optic radiation, brain stem, 

matter is mildly swollen with broadening of the gyri. MRI and cerebellar white matter are spared. The pons is mildly 

shows that the cortex is of normal thickness and does not have hypoplastic 
an irregular border.The frontal white matter is most abnormal 
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Fig. 60.8. A 9-year-old girl with MDC1 A.The abnormalities are very similar to those seen in Fig. 60.7 




Fig. 60.9. A 2-month-old girl with MDC1 A. Note the occipital agyria.The white matter under the area of agyria has an abnormally 
high signal. The remainder of the white matter looks normal for unmyelinated white matter 
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Fig. 60.10. A 7-year-old boy with CMD and partial merosin 
deficiency. Note the agyria in the occipital and basotemporal 
region. There are multifocal white matter abnormalities. Cour- 



tesy of Dr. H. Stroink and Dr. C.E. Catsman-Berrevoets, Depart- 
ment of Child Neurology, Sophia Children's Hospital and Eras- 
mus University Medical Center, Rotterdam,The Netherlands 




Fig. 60.1 1 . A girl with MDC1 C.The first MRI [first row) was ob- 
tained at the age of 3 years; the follow-up MRI {second row) at 
the age of 6 years.The initial MRI shows multifocal large white 
matter lesions, mainly involving the deep white matter. On fol- 
low-up, most white matter abnormalities have disappeared 
and only a few foci of abnormal signal remain. The cerebellar 



cortex is dysplastic and there are subcortical cerebellar cysts. 
The pons is hypoplastic. From Louhichi et al. (2004), with per- 
mission, and courtesy of Dr. F. Fakhfakh, Laboratoire de Gene- 
tique Moleculaire Humaine, Faculte de Medecine de Sfax, and 
Dr. C.Triki, Service de Neurologie, CHU Habib Bourguiba, Sfax, 
Tunisia 
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Fig. 60.1 2. A 7-year-old boy with MDOCThe MRI shows ex- 
tensive white matter abnormalities, which partially spare the U 
fibers. The pons and cerebellar vermis are hypoplastic. The 
cerebellar cortex is dysplastic and there are subcortical cere- 



bellar cysts. From Louhichi et al. (2004), with permission, and 
courtesy of Dr. F. Fakhfakh, Laboratoire de Genetique Molecu- 
laire Humaine, Faculte de Medecine de Sfax,and Dr. C.Triki, Ser- 
vice de Neurologie, CHU Habib Bourguiba, Sfax, Tunisia 



468 Chapter 60 Congenital Muscular Dystrophies 




Fig. 60.1 3. A 1 4-year-old girl with MDC1 D.The sagittal images 
show hypoplasia of the pons and fusion of the superior and in- 
ferior colliculi. There is no cerebellar hypoplasia and there are 
no evident subcortical cerebellar cysts. The cerebral white 
matter is diffusely highly abnormal in signal. In the frontal and 
particularly the anterior temporal region the abnormal white 
matter is swollen with broadening of gyri.The corpus callo- 



sum, internal capsule, brain stem, and cerebellar white matter 
have a normal signal. The U fibers in the occipitotemporal re- 
gion are spared. The cerebral cortex diffusely has an irregular 
border, suggesting underlying polymicrogyria.From Longman 
et al. (2003), with permission, and courtesy of Dr. F. Muntoni, 
Dubowitz Neuromuscular Centre, Hammersmith Campus, 
London, UK 



Chapter 61 



Myotonic Dystrophy Type 1 



61.1 Clinical Features 

and Laboratory Investigations 

Myotonic dystrophy type 1 (DM 1) or Curschmann- 
Steinert disease is a dominantly inherited progressive 
myopathy. It is one of the most frequent muscle dis- 
orders, with a prevalence of approximately 1:8,000. 
Symptoms of the disease usually become apparent 
between the ages of 15 and 40 years, but may be found 
in childhood. Major symptoms include myotonia, 
progressive muscle weakness, and atrophy. In partic- 
ular the face, jaw, neck, and distal muscles of the arms 
and legs are affected. Involvement of the bulbar mus- 
cles causes dysphagia and dysarthria. Myotonia leads 
to a prolonged after-contraction of the affected mus- 
cles, which persists after the voluntary muscle con- 
traction has ceased. Myotonia is increased by fatigue, 
emotion, and cold. Other features of the disease in- 
clude cataract, early frontal baldness (more conspicu- 
ous in males than in females), hearing impairment, 
and testicular atrophy leading to impotence and in- 
fertility. The heart is often affected. Cardiac conduc- 
tion defects and dilated cardiomyopathy may occur 
and may contribute to a shortened life span. Smooth 
muscles, particularly those of the pharynx, esopha- 
gus, and gastrointestinal tract, are also involved. Hy- 
per insulinism occurs with enhanced frequency. Mild- 
ly impaired intelligence is frequently present. Hyper- 
somnia may occur. 

DM 1 has a congenital variant, with variable hypo- 
tonia and weakness present at birth. This variant is 
present in 10-15 % of the patients. In congenital DM 1 
respiratory problems and feeding difficulties are 
common. Joint deformities may be present. Myotonia 
is not usually present in neonates and seldom devel- 
ops until later in childhood. Cataracts and endocrine 
abnormalities usually develop even later. Mental re- 
tardation is present in nearly all patients with con- 
genital DM 1 and is more severe than the cognitive 
problems seen in patients with adolescent and adult- 
onset disease. Some patients do not survive the 
neonatal period. 

A characteristic feature of DM 1 is the tendency of 
the symptomatology to have an earlier onset and in- 
creasing severity with transmission to subsequent 
generations, a phenomenon called anticipation. In 
early generations, cataract is often the only abnor- 
mality; in a subsequent generation adult myotonia 
and weakness occur, while in the next generation con- 



genital DM 1 is seen. The disease is transmitted as an 
autosomal dominant trait, but the mother is the af- 
fected parent in over 90 % of the cases of congenital 
DM1. 

Diagnosis is established by clinical examination 
and EMG. On EMG prolonged trains of high-frequen- 
cy discharges arising from single fibers or groups of 
muscle fibers occur in response to electrode insertion 
or movement. EMG can be negative in young patients. 
Serum creatine kinase levels may be mildly elevated. 
DNA techniques are available to confirm the diagno- 
sis and for prenatal diagnosis. 



61.2 Pathology 

Neuropathological data on DM 1 are scarce. Some ex- 
ternal atrophy of the cerebral hemispheres may be 
present. Microscopic examination may reveal lesions 
within the cerebral white matter, especially in the sub- 
cortical areas. Microscopically, they are characterized 
by myelin paucity and preservation of myelin sheaths 
in perivascular regions in a tigroid pattern. Axons are 
relatively preserved. Macrophages containing fatty 
material and fibrillary astrocytes are scanty. It has 
been demonstrated that the areas of myelin paucity 
correspond with areas of signal abnormality on MRI. 

Additional findings that have been reported are 
variable neuronal loss and astro cytosis in the fron- 
toparietal and occipital cortices, neurofibrillary tan- 
gles in the limbic cortex, intracytoplasmic inclusion 
bodies within neurons of the thalamus and substan- 
tia nigra, disordered cortical architecture, and neu- 
ronal heterotopias. The neuronal heterotopias are fre- 
quently found adjacent to the areas of myelin paucity. 

The absence of gliosis and lipid-laden macro- 
phages within the areas of abnormal white matter as 
well as their association with neuronal heterotopias 
suggest that the white matter lesions are developmen- 
tal abnormalities and not caused by demyelination. 



61 .3 Pathogenetic Considerations 

DM 1 is caused by an expansion of an unstable cyto- 
sine-thymine-guanine (CTG) trinucleotide repeat in 
the 3' untranslated region of a protein kinase gene, 
DMPK, located on chromosome 19ql3.3. In the nor- 
mal population, the repeat length ranges between 
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4 and 37 copies, whereas alleles in DM 1 patients vary 
from 50 to several thousands of CTG repeats. The 
longer the CTG repeat sequence, the earlier the onset 
and more severe the clinical symptomatology. Alleles 
with 50-80 repeats are classified as protomutations, 
with which the DM 1 phenotype is mild and often 
does not cause subjective symptoms. Alleles with 
more than 80 repeats usually cause the classic DM 1 
phenotype. The phenomenon of anticipation is asso- 
ciated with an increase in the length of the CTG repeat 
sequence with transmission to subsequent genera- 
tions. Rare cases of reverse mutations have been re- 
ported, in which the prolonged CTG repeat sequence 
in the parent is decreased in size to a normal length in 
the offspring. 

The expanded repeat is located in the 3' untranslat- 
ed part of the gene. Three models have been proposed 
to explain how an expansion of this untranslated CTG 
repeat may cause the dominantly inherited DM 1 phe- 
notype. Haploinsufficiency of the DMPK gene may 
produce cellular dysfunction. Alternatively, the ex- 
panded repeat may lead to a dominant gain of func- 
tion. Finally, the CTG repeat expansion may change 
the chromatin structure, which interferes with the ex- 
pression of adjacent genes. 

The in vivo biological substrates of the enzyme 
DMPK are unknown. Since DMPK exhibits kinase ac- 
tivity, any perturbation of its expression or activity 
will potentially affect other molecules. Because DM 1 
is characterized by muscle dysfunction and myoto- 
nia, ion channels could be substrates for DMPK. How- 
ever, other proteins of as yet unknown function have 
also been found associated with DMPK. Dysfunction 
of such proteins may explain the extramuscular 
symptoms, including the mental deficit. 



61.4 Therapy 

First and most important is awareness of the potential 
problems associated with DM1. Anesthesia and 
surgery come with particular hazards due to the com- 
bination of respiratory muscle weakness and in- 
creased sensitivity to anesthetics and muscle relax- 
ants. Cardiac problems such as atrial fibrillation and 
flutter and heart block are important causes of death 
and require careful attention and treatment. Aware- 
ness of smooth muscle dysfunction and the associat- 
ed potential gastrointestinal complaints including 
abdominal pains and pseudo-obstruction may pre- 
vent unnecessary surgery. Symptomatic relief of the 
myotonia can, if necessary, be obtained by drugs such 
as procainamide, diphenylhydantoin (phenytoin), 
and mexiletine. The effect of these drugs lies in the 
stabilization of the muscle membrane; they have no 
effect on muscle weakness. Physical therapy may be 
necessary. Cataract extraction can be important in or- 
der to preserve visual acuity. 



61.5 Magnetic Resonance Imaging 

It was already known from CT that mild ventricular 
enlargement and white matter hypodensity are not 
rare in DM1. 

MRI confirms the frequent presence of mild ven- 
triculomegaly and enlargement of subarachnoid 
spaces (Figs. 61.1-61.4). In the majority of the DM 1 
patients MRI also shows white matter abnormalities 
in the cerebral hemispheres ( Figs. 61.1-61.4). The dis- 
tribution of the white matter lesions is variable, rang- 
ing in location from predominantly in the periven- 




Fig. 61.1. These T 2 -weighted MR images show the white mat- 
ter changes in a 60-year-old female patient with DM1. The 
white matter abnormalities are patchy and predominantly 
located in the subcortical areas. The temporal white matter is 



involved as well. There is some atrophy with enlargement of 
the subarachnoid spaces. From Damain et al. (1 992), with per- 
mission 
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tricular region to predominantly in the deep white 
matter or predominantly in the subcortical areas. In 
particular the anterior part of the temporal lobes is 
frequently involved (Figs. 61.1-61.4). The white mat- 
ter changes are often patchy with in part isolated and 
in part irregularly confluent lesions of variable size. 
The lesions tend to be bilateral but are often not sym- 
metrical in detail. The extent of the white matter 
changes varies from minor, with some small white 
matter lesions (Figs. 61.4 and 61.5), to more extensive 
and more confluent lesions (Figs. 61.1-61.3). In ex- 
ceptional patients, the cerebral white matter abnor- 
malities are diffuse. The white matter abnormalities 
may show an increase over time. The white matter 
changes occur both in congenital MD1 and later-on- 
set forms and have the same imaging characteristics 



in both conditions. Patients with congenital DM 1 
tend more often to have enlargement of the lateral 
ventricles and a small corpus callosum. 

Magnetization transfer ratios have found to be 
decreased not only in the MRI -visible white matter 
lesions, but also in the normal-appearing white mat- 
ter, suggesting presence of more widespread structur- 
al abnormalities. T 2 relaxation measurements simi- 
larly revealed increased values within the white mat- 
ter lesions, but again also in the normal-appearing 
white matter. 

The pattern of MRI abnormalities with multifocal 
and often not entirely symmetrical lesions would 
rather suggest acquired disorders, especially inflam- 
matory and infectious disorders. The pattern is 
particularly similar to that seen in congenital cyto- 




Fig. 61 .2. A 63-year old female patient with DM 1 .The patchy, 
multifocal white matter abnormalities mainly involve the deep 
cerebral white matter. The abnormalities are asymmetrical in 
distribution. The lateral ventricles and subarachnoid spaces 



are mildly dilated. Note the temporal white matter abnormali- 
ties. Courtesy of Dr. G. Bachmann, Department of Diagnostic 
Radiology, Kerckhoff-Klinik, Bad Nauheim, Germany 




Fig. 61.3. The T 2 -weighted images in a 61 -year-old male pa- 
tient with DM 1 reveal similar abnormalities, again with a 
slightly asymmetrical distribution. Courtesy of Dr.A.Di Costan- 



zo, Department of Neurological Sciences, Second University of 
Naples, Italy 
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Fig. 61 .4. This 54-year-old female patient with DM 1 has only ment of Diagnostic Radiology, Kerckhoff-Klinik, Bad Nauheim, 
mild white matter abnormalities.The temporal abnormalities Germany 
are most pronounced. Courtesy of Dr. G. Bachmann, Depart- 




Fig. 61.5. This 34-year-old female patient with DM 1 has min- Courtesy of Dr. A. DiCostanzo, Department of Neurological Sci- 
imal white matter abnormalities. There is an indication of ences, Second University of Naples, Italy 
slight abnormalities in the anterior temporal white matter. 



megalovirus infection. In the latter condition, multi- 
focal lesions are seen, mainly in the deep cerebral 
white matter, and the anterior temporal lobes are 
frequently involved. However, in congenital cyto- 
megalovirus infection, the largest lesions are as a rule 
present in the parietal region, which is not the case in 
DM 1. Of course, in the presence of myotonia, there is 
little reason for confusion. 



Chapter 62 



Myotonic Dystrophy Type 2 



62.1 Clinical Features 

and Laboratory Investigations 

Myotonic dystrophy type 2 (DM 2) is a dominantly in- 
herited progressive myopathy. DM2 closely resem- 
bles adult-onset myotonic dystrophy type 1 (DM 1). 
Initially, three different disorders were delineated on 
the basis of clinical findings: proximal myotonic 
myopathy (PROMM), proximal myotonic dystrophy 
(PMD), and myotonic dystrophy type 2 ("DM2"). 
Since all three have been shown to be part of one 
genetic spectrum, DM 2 is used for all three and has 
replaced the terms PROMM and PMD. 

Patients with PROMM have been reported as being 
completely asymptomatic, mildly affected, or consid- 
erably disabled. Clinical onset is between 20 and 60 
years of age. Most patients have cataract before the 
age of 50. The muscle weakness is predominantly 
proximal. Additional signs include muscle pain, fluc- 
tuating weakness and stiffness, muscle cramps, fasci- 
culations, calf hypertrophy, tremor, seizures, sen- 
sorineural deafness, frontal baldness, male hypogo- 
nadism, insulin-resistant diabetes mellitus, hypothy- 
roidism, hyperhidrosis, dysphagia, constipation, 
intermittent episodes of chest pain, and cardiac con- 
duction defects. Cognitive impairment, hypersomnia, 
and apathy are rare and at most mild. 

Patients with PMD have been reported to present 
with cataract, late-onset sensorineural hearing loss, 
late-onset prominent proximal weakness, wasting, 
myotonia and male hypogonadism. 

"DM 2" as defined initially includes patients with 
myotonia, diffuse (proximal and distal) or exclusively 
distal weakness, frontal balding, cataracts, infertility, 
and cardiac conduction defects. Additional features 
include calf hypertrophy and hyperhidrosis. 

So, like DM 1, DM2 is a clinically heterogeneous 
multisystem disorder. Some affected DM2 patients 
exhibit remarkable clinical similarity to those with 
classic DM 1, with myotonia, proximal and distal 
muscle weakness, frontal balding, cataracts, and car- 
diac conduction defects, whereas other patients can 
be more easily distinguished. One clear distinction is 
the absence of a congenital form of DM 2. Other dif- 
ferences include a lack of mental retardation in juve- 
nile patients; less evident central hypersomnia; less 
distal, facial, and bulbar weakness; and less pro- 
nounced muscle atrophy. 



In a large overview study on DM 2 (Day et al. 2003), 
90 % of the affected individuals had electrical myoto- 
nia, 82% had weakness, 61 % cataracts, 23% diabetes 
mellitus, and 19% cardiac involvement. First symp- 
toms of the disease occur between the ages of 13 and 
67, with a median of 48 years. Muscle symptoms, 
including pain, stiffness, myotonia, and weakness, are 
the most common symptoms in DM 2 patients. Fluc- 
tuating or episodic burning muscle pain is frequently 
present, mainly during the night. Cataracts are a 
prominent and early feature, sometimes already 
seen before the age of 20. Cataract extraction may be 
necessary from as early as 30 years to as late as in the 
seventies. Cardiac complaints include palpitations, 
intermittent tachycardia, and episodic syncope. These 
symptoms increase in frequency with age. Cardiac 
conduction abnormalities and cardiomyopathy may 
underlie these complaints. DM 2 patients can develop 
fatal arrhythmias unexpectedly. 

On EMG a broad spectrum of spontaneous activi- 
ty, such as fibrillations, positive sharp waves, fascicu- 
lations, myotonic and pseudomyotonic discharges, 
neuromyotonia-like discharges, and high-frequency 
bizarre discharges, can be found. Motor unit action 
potentials may show reduced mean duration, in- 
creased polyphasia, and increased satellite potentials. 
Serum creatine kinase levels are usually elevated, typ- 
ically less than five times the upper limit of normal, 
but may also be normal. y-Glutamyl transferase is 
normal or mildly elevated. Primary male hypogo- 
nadism is found in the majority of the affected men, 
with elevated LH and FSH, low testosterone, and 
oligospermia. Hypogammaglobulinemia may be 
found. Thyroid function tests may indicate hypothy- 
roidism. In the case of diabetes mellitus, insulin in- 
sensitivity is found with elevated basal insulin levels 
or prolonged insulin elevations. ECG shows impulse 
generation and conduction defects. Echocardiogra- 
phy may reveal a cardiomyopathy. DNA techniques 
are available to confirm the diagnosis and for prena- 
tal diagnosis. 



62.2 Pathology 

Neuropathological data on DM 2 are lacking. 
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Fig. 62.1. The T 2 -weighted images in this 66-year-old male 
patient with DM 2 show diffuse cerebral white matter abnor- 
malities with sparing of the corpus callosum and relative spar- 
ing of the U fibers. Spots of abnormal signal are present in the 
basal ganglia.The anterior limb of the internal capsule and the 



external capsule are also affected. The lateral ventricles and 
subarachnoid spaces are mildly dilated. Courtesy of Dr. E. 
Hund, Department of Neurology, and Dr. Sartor, Department of 
Neuroradiology, University of Heidelberg Medical School, Hei- 
delberg, Germany 



62.3 Pathogenetic Considerations 

DM 2 is caused by an unstable expansion of a cyto- 
sine-cytosine-thymine-guanine (CCTG) repeat in in- 
tron 1 of the zinc finger protein 9 gene (ZNF9), a gene 
located on chromosome 3q21.3. The repeat length 
varies between 75-11,000, with a mean of approxi- 
mately 5,000. Expansion sizes in the blood of affected 
children are usually shorter than in their parents. No 
significant correlation is found between the age of on- 
set and expansion size. 

The gene has two products, a-ZNF9 and P-ZNF9, 
produced by alternative splicing. ZNF9, also called 
cellular nucleic acid binding protein, contains seven 
zinc finger domains. It is though to be an RNA-bind- 
ing protein. It is widely expressed, with the highest ex- 
pression in heart and skeletal muscle. The pathophys- 
iology of the disease is presently unclear. 



Not all families with a DM2 phenotype display 
linkage with chromosome 3q21.3. So, there must be 
still other genes related to this phenotype. 



62.4 Therapy 

So far, there is no specific treatment for DM 2. Physi- 
cal therapy may be of some benefit. In patients in 
whom myotonia is a prominent problem, mexiletine, 
phenytoin, or carbamazepine may be beneficial. 
When cardiac conduction defects are present, antiar- 
rhythmic drugs should be avoided. Patients should 
undergo cardiological examination and follow-up as 
soon as the diagnosis is established. Cataracts may 
require surgical intervention at some point. Cardiac 
therapy, including pacemaker implantation, may be 
necessary. Patients should be checked for hypo- 
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Fig. 62.2. The MRI of this 64-year-old female patient with 
DM 2 reveals extensive, patchy cerebral white matter abnor- 
malities, sparing the corpus callosum and partially sparing the 
U fibers.The internal and external capsules are affected. There 
are spots of abnormal signal in the basal ganglia. The lateral 



ventricles and subarachnoid spaces are dilated due to reduced 
volume of the cerebral white matter. Courtesy of Dr. E. Hund, 
Department of Neurology, and Dr. Sartor, Department of 
Neuroradiology, University of Heidelberg Medical School, Hei- 
delberg, Germany 



thyroidism regularly. Whether DM2 patients ex- 
perience respiratory depression in response to 
benzodiazepines, opiates, or barbiturates, whether 
myotonia is aggravated by depolarizing muscle relax- 
ants, and whether DM 2 patients may develop malig- 
nant hyperthermia during or after anesthesia is 
unknown. 



62.5 Magnetic Resonance Imaging 

MRI of the brain is often normal, but may show rather 
extensive abnormalities in the cerebral white matter 
(Figs. 62.1 and 62.2). The U fibers tend to be spared. 
The white matter abnormalities may be diffuse 
(Fig. 62.1) or, more often, patchy (Fig. 62.2). These ab- 
normalities may be accompanied by neurological 
problems including clinical episodes of stroke, 
parkinsonian features, seizures, and mental changes. 



Chapter 63 

X-linked Charcot-Marie-Tooth Disease 



63.1 Clinical Features 

and Laboratory Investigations 

Charcot-Marie-Tooth disease (CMT) is a clinically 
and genetically heterogeneous group of peripheral 
nerve disorders characterized by distal weakness, 
atrophy, sensory loss, and decreased tendon reflexes. 
CMT has been classified according to the pattern of 
inheritance and whether the abnormalities primarily 
affect myelin (CMT1) or axons (CMT2). The X-linked 
dominant form of CMT (CMTX) shows both demyeli- 
nating and axonal aspects, causing problems in cate- 
gorizing CMTX as a subtype of CMT1 or CMT2. 

CMTX affects both males and females, but males 
are affected more severely than females, with onset of 
symptoms at an earlier age. Asymptomatic female 
carriers have been reported. The clinical manifesta- 
tions of CMTX vary. Onset may be congenital or de- 
layed until the third decade. Symptoms develop in a 
length-dependent distribution, meaning that the 
longest nerves are involved earliest. Thus, the weak- 
ness always starts in the lower leg muscles with stum- 
bling and steppage gait. With progression of the dis- 
ease, the weakness spreads to the hands. The weak- 
ness varies widely, from mild, causing no functional 
impairment, to severe, necessitating the use of a 
wheelchair. Foot deformities, including pes cavus and 
hammer toes, are common. Muscle atrophy and loss 
of tendon reflexes occur. Distal sensory loss with 
glove and stocking distribution occurs, involving 
touch, pin prick, temperature, vibration, and position 
sense. Many patients have balance difficulties with a 
positive Romberg sign. Scoliosis may occur. Breathing 
difficulties due to phrenic nerve involvement occur in 
some patients. 

Most CMTX patients do not have overt clinical 
CNS manifestations, but subclinical evidence of CNS 
dysfunction is common. Hyperreflexia, extensor 
plantar reflexes, some spasticity, and cerebellar dys- 
function have been observed in addition to the pe- 
ripheral neuropathy. Some patients have sensorineur- 
al hearing loss. Patients may experience episodes of 
transient neurological problems of central origin, 
lasting hours to weeks. The problems may fluctuate in 
severity during that time. Signs reported include 
dysarthria, cerebellar ataxia, gait ataxia, pyramidal 
weakness of the extremities (hemiparesis, monopare- 
sis, paraparesis, or tetraparesis), and cranial nerve 
palsies including third cranial nerve palsy, facial 



weakness, bulbar dysarthria, dysphagia, and loss of 
the gag reflex. Nausea and vertigo may be present. The 
patients are usually alert during the episode, but som- 
nolence, behavior abnormalities, and disorientation 
may also occur. They may complain of headache. 
After the episode, patients recover fully to their previ- 
ous condition. The episodes seem to be provoked by 
minor infections, surgery, sports, or staying at high 
altitudes. 

Nerve conduction velocities are reduced in CMTX, 
but the reductions are less severe than in the other 
forms of demyelinating CMT, consistent with moder- 
ate demyelination of the investigated nerves. The re- 
ductions in conduction velocities may be variable 
from one nerve segment to the other. Distal latencies 
are prolonged. Compound muscle action potentials 
and sensory nerve action potentials have reduced 
amplitudes. The electromyogram is usually normal, 
but sometimes fibrillation potentials are found, sug- 
gesting axonal involvement. Nerve conduction veloc- 
ities are typically slower in affected males than in 
their affected female relatives. Abnormalities in brain 
stem auditory evoked responses have been reported 
repeatedly with slowed central conduction. Sensory 
evoked responses may also show a slowing of central 
conduction. 



63.2 Pathology 

Findings in sural nerve biopsy specimens are variably 
described as primary axonal degeneration and pri- 
mary demyelinating. Findings include loss of myeli- 
nated fibers and the presence of groups of small, thin- 
ly myelinated and unmyelinated regenerating fibers. 
Axons with disproportionately thin myelin sheaths in 
relation to the axon caliber and small onion bulb for- 
mations, indicative of demyelination and consecutive 
remyelination, may be present. 

No brain autopsy studies are available 



63.3 Pathogenetic Considerations 

CMTX is caused by mutations in the gene, called 
CX32 or GJB1, coding for connexin 32, also called gap 
junction protein (31. The gene is located on chromo- 
some Xql3.1. Connexin 32 is a gap junction protein 
that is found in both the PNS and the CNS. It is incor- 
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Fig. 63.1 . MRI of a 1 4-year-old male patient with CMTX during 
an episode of CNS symptoms shows mild signal changes in the 
parieto-occipital white matter, sparing the U fibers.The spleni- 



um of the corpus callosum is affected. There is no evident in- 
volvement of the brain stem and cerebellar peduncles. From 
Schelhaas et al. (2002), with permission 



porated into cell membranes as a subunit of a 
hemichannel called the connexon. One connexon 
comprises six subunits and two connexons form a gap 
junction between two cells. Gap junctions are inter- 
cellular channels that span the space between two 
neighboring cells and result from the association of 
two half- channels, connexons, contributed separately 
by each of the participating cells. These gap junctions 
allow rapid exchange of ions, small metabolites, and 
second messengers between cells or parts of cells. In 
the PNS, connexin 32 is expressed in Schwann cells at 
the Schmidt-Lantermann incisures and the paran- 
odal regions, the noncompacted parts of myelin. In 
the CNS it is expressed in oligodendrocytes and neu- 
rons. Connexin is also expressed in nonnervous tis- 
sues including liver, pancreas, and secretory epitheli- 
um. 

Mutations either lead to loss of function or to al- 
tered gating properties of the gap junction channels. 
There is not yet a hot spot for connexin 32 mutations 
associated with CNS symptoms. The mutations asso- 
ciated with CNS disease have been found in the extra- 



cellular, transmembrane, and intracellular domains 
of the protein. By analogy to channelopathies, altered 
gating properties of connexons due to mutated con- 
nexin 32 could give rise to transient CNS symptoms. 
Situations of metabolic stress may further alter the 
function of gap junctions and cause transient symp- 
toms. 



63.4 Therapy 

At present, no specific therapy exists for patients with 
CMTX. 



63.5 Magnetic Resonance Imaging 

Outside the episodes of CNS dysfunction, MRI of the 
brain is most often described as normal. During the 
episodes of CNS symptoms, transient white matter 
abnormalities occur (Fig. 63.1). They are located in 
the central or posterior part of the centrum semio- 
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vale, the splenium of the corpus callosum, posterior 
limb of the internal capsule, and middle cerebellar 
peduncles. The U fibers are spared. The signal 
changes are milder than those seen in demyelination 
or white matter inflammatory disease. They are sym- 
metrical and confluent. After contrast administra- 
tion, no enhancement is seen. Diffusion-weighted 
imaging shows restricted diffusion. As the white mat- 



ter abnormalities are reversible within a few months, 
the restricted diffusion cannot be caused by cytotox- 
ic edema. Myelin splitting and intramyelinic edema, 
with compression of the extracellular space, is a more 
likely explanation. 

No systematic study of CMTX patients has been 
performed to document the MRI findings of the brain 
outside the episodes of CNS dysfunction. 



Chapter 64 

Oculodentodigital Dysplasia 



64.1 Clinical Features 

and Laboratory Investigations 

Oculodentodigital dysplasia (ODDD) is an inherited 
disorder that affects the development of the face, eyes, 
limbs, and teeth. The disorder has an autosomal dom- 
inant mode of inheritance. It displays a high pene- 
trance but variable expression. There is also intrafa- 
milial variation of the clinical characteristics. Isolated 
patients, related to de novo mutations, are frequently 
observed. 

Affected patients have a narrow nose with thin, an- 
teverted nostrils and a prominent columnella. Char- 
acteristic eye manifestations include short palpebral 
fissures, epicanthal folds, hyper- or hypotelorism, mi- 
crophthalmia, and bilateral microcornea, often with 
abnormalities of the iris. Some patients develop glau- 
coma or optic atrophy. Bilateral complete syndactyly 
of the fourth and fifth fingers is the characteristic dig- 
ital malformation (type III syndactyly). The third fin- 
ger may also be involved. Syndactyly of the third and 
fourth toes may be present. Midphalangeal hypopla- 
sia, distal phalangeal hypoplasia, or aplasia of one or 
more digits or toes may be present. Associated camp- 
todactyly or clinodactyly of the fifth fingers is a com- 
mon finding. The teeth are small and there is general- 
ized hypoplasia of the enamel. Partial anodontia may 
be present. Caries and premature loss of teeth may oc- 
cur. Less common features include dry, thin, slow- 
growing, and sparse hair (hypotrichosis), cleft lip and 
palate, conductive hearing loss, cranial and mandibu- 
lar hyperostosis, and microcephaly. 

Neurological symptoms are frequent in ODDD. 
Slowly progressive spastic paraparesis of the legs has 
been reported most often. Other reported problems 
include ataxia, dysarthria, ptosis, nystagmus, gaze 
palsy, strabismus, visual impairment, neurogenic 
bladder dysfunction, bowel disturbance, seizures, and 
mild mental retardation. However, the clinical expres- 
sion of neurological features often varies widely 
among affected individuals within and between 
ODDD kindreds. The onset of the neurological prob- 
lems is variable. It is usually evident by the second 
decade of life, but may be much later. 



64.2 Pathology 

No autopsy studies of ODDD are available. 



64.3 Pathogenetic Considerations 

ODDD is related to dominant mutations in the con- 
nexin 43 gene, GJA1, at chromosome 6q22-23. A high 
rate of de novo mutations is observed. 

Connexin43, like other connexin proteins, is a 
transmembrane protein with an intracellular N-ter- 
minus, four transmembrane domains, two extracellu- 
lar loops, one cytoplasmic loop, and an intracellular 
C-terminus. Six connexins can form a hemichannel or 
connexon, a specialized intracellular structure sur- 
rounding a pore. Two connexons in apposing cell 
membranes can align to form an intercellular gap 
junction. These channels provide a direct low-resis- 
tance intracellular pathway for the passage of ions 
and small molecules. Gaps junctions have been found 
in most tissues. Most tissues express more than one 
type of connexin. Multiple types of connexins can 
assemble to form gap junctions between cells, with 
the diversity of combinations influencing the nature 
of the cell-to-cell communication. 

Almost all GJA1 mutations in ODDD are missense 
mutations. The lack of mutations resulting in the in- 
troduction of a stop codon into the protein suggests 
that the mechanism underlying ODDD is not a loss of 
connexin 43 function. This hypothesis is reinforced 
by the finding that the mouse knock-out does not 
have an ODDD-like phenotype. There is a strong cor- 
relation between the sites of GJA1 expression during 
mouse embryonic development and the ODDD phe- 
notype, suggesting that connexin 43 plays a key role 
in normal facial and limb development. The patho- 
physiology of the disease in ODDD has still to be elu- 
cidated. 

ODDD and Hallermann-Streiff syndrome share 
several clinical characteristics. Some patients with 
Hallermann-Streiff syndrome have two mutations 
in the GJA1 gene, whereas their parents are carri- 
ers. However, in other typical Hallermann-Streiff 
syndrome patients no mutation in GJA1 can be 
found. 



64.4 Therapy 

At present, only symptomatic therapy is available for 
patients with ODDD. 
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Fig. 64.1. A 5.5-year-old girl with ODDD.TheT 2 -weighted im- 
ages {first and second row) show ill-defined, mild periventricu- 
lar signal abnormalities, extending downwards into the poste- 
rior limb of the internal capsule. The inversion recovery {third 



row, left) and FLAIR images {third row, middle and right) show 
that the subcortical white matter is better preserved. Courtesy 
of Dr. B.Tinselboer and Dr. F. Beemer, Department of Clinical 
Genetics, University Medical Center Utrecht, The Netherlands 



64.5 Magnetic Resonance Imaging 

In some patients with ODDD, MRI does not reveal ab- 
normalities. Patients with ODDD and progressive 
neurological problems have white matter abnormali- 
ties on MRI (Fig. 64.1). The cerebral white matter is 
somewhat reduced in volume. A zone of mildly ab- 
normal signal surrounds the lateral ventricles, rela- 



tively sparing the U fibers. The signal abnormalities 
extend downwards into the posterior limb of the in- 
ternal capsule and the corticospinal tracts in the 
brain stem. Low signal intensity on T 2 -weighted im- 
ages has been reported in the pericentral cortex, 
globus pallidus, and substantia nigra. The imaging 
abnormalities in ODDD may not be very specific, but 
they are consistent among patients. 



Chapter 65 

Leukoencephalopathy with Vanishing White Matter 



65.1 Clinical Features 

and Laboratory Investigations 

Leukoencephalopathy with vanishing white matter 
(VWM) has also been called childhood ataxia with 
central nervous system /zypomyelination (CACH) 
and myelinopathia periaxialis diffusa. "Cree leukoen- 
cephalopathy" and "ovarioleuko dystrophy" have both 
been found to be variants of VWM. 

VWM is a disease with an autosomal recessive 
mode of inheritance. It has been shown to be one of 
the more prevalent leuko encephalopathies in chil- 
dren. Its incidence is similar to that of metachromat- 
ic leukodystrophy. The classical and most frequent 
variant has its onset in childhood, most often between 
the ages of 2 and 6 years. The disease is characterized 
by chronic progressive neurological deterioration 
with cerebellar ataxia, usually less prominent spastic- 
ity, and relatively mild mental decline. Optic atrophy 
with loss of vision may occur, but not in all patients. 
Epilepsy is present in most patients, but is rarely a 
prominent feature. Characteristically, there are addi- 
tional episodes of major and rapid deterioration fol- 
lowing minor head trauma and especially febrile in- 
fections. Occasionally, these episodes are provoked by 
fright. During these episodes, patients rapidly lose 
motor faculties and become very hypotonic. Irritabil- 
ity, vomiting, and seizures usually progress to somno- 
lence and loss of consciousness. These episodes may 
end in coma. Death usually follows an episode of 
coma. If recovery occurs, it is usually incomplete. 

Some patients have a more severe variant of the 
disease with onset within the first year of life and ear- 
ly demise. An example is found in so-called "Cree 
leukoencephalopathy," a disease that was described 
among the Cree Indians. The onset of Cree leukoen- 
cephalopathy is between the ages of 3 and 9 months, 
and death occurs before the age of 2 years. Some 
(non-Cree) patients have an even more severe pheno- 
type with antenatal onset. In the third trimester of 
pregnancy, decreased fetal movements, oligohydram- 
nios, growth failure, and development of micro- 
cephaly occur. At birth, contractures may be seen. 
From birth onwards or from soon after birth, there 
are increasing problems, with a rapid downhill course 
characterized by feeding problems, vomiting, failure 
to thrive, irritability, apathy, axial hypotonia, limb 
hypertonia or hypotonia, seizures, apneic episodes, 
coma, respiratory failure, and death within a few 



months. In these infants evidence may be found of 
involvement of other organs, including cataract (oil 
droplet cataract), hepatosplenomegaly, kidney hy- 
poplasia, pancreas involvement, and ovarian dysgen- 
esis. 

At the other end of the clinical spectrum are pa- 
tients who are completely normal until onset of the 
disease in adulthood. In some patients occasional 
seizures are the first sign of the disease. In other pa- 
tients, the disease starts with psychiatric symptoms. 
Some patients slowly develop dementia. In other pa- 
tients motor deterioration dominates the clinical pic- 
ture. The episodes of major deterioration are usually 
less marked in patients with a later onset. Later onset 
most often implies a slower and more protracted dis- 
ease course, although unexpected rapid progression 
and death within a few months may also occur. In 
adult females with the disease, primary or secondary 
ovarian failure may occur. 

Laboratory tests are unrevealing in VWM. The on- 
ly consistent abnormality ever demonstrated is mod- 
erately elevated CSF glycine. The CSF:serum glycine 
ratio is also elevated and may even be higher than 
0.08. A ratio higher than 0.08 is thought to be indica- 
tive of nonketotic hyperglycinemia. It is not known 
whether CSF glycine is elevated in all patients with 
VWM and whether a normal level excludes the 
diagnosis. The glycine elevation is probably a non- 
specific finding related to ongoing excitatory brain 
damage. DNA testing is available for diagnostic con- 
firmation, carrier testing, and prenatal diagnosis. 



65.2 Pathology 

In VWM, the brain is generally of normal size and 
weight, but in a few cases it is slightly heavier or 
lighter than normal. The gyri are usually normal or 
atrophic. When the brain is removed from the skull, 
the rarefied and cystic white matter usually collapses. 
On macroscopic examination, gray matter structures 
appear unaffected. The lesions are found primarily in 
cerebral white matter, with the cerebellum and brain 
stem much less severely involved. The cerebral white 
matter varies from gelatinous to cystic to frankly 
cavitary. The frontoparietal white matter, particularly 
deep and periventricular, appears to be more com- 
monly involved, with relative sparing of the temporal 
lobe. White matter areas that are characteristically 
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relatively spared include the optic system, corpus cal- 
losum, anterior commissure, and internal capsule. 
The subcortical arcuate fibers also tend to be spared, 
but not consistently. In the brain stem the central 
tegmental tract at the level of the pons is often in- 
volved in a bilateral and symmetrical distribution. 

Microscopically, the grossly affected white matter 
shows myelin pallor, thin myelin sheaths, vacuolation, 
myelin loss, cystic change, and rarely active demyeli- 
nation. Lipophages containing myelin breakdown 
products are rare. There is no significant inflammato- 
ry response (lymphocytes, plasma cells, neutrophils, 
eosinophils). The gray matter is generally spared or 
greatly preserved in comparison to white matter. 
However, astrocytosis and microgliosis of the overly- 
ing cortex may be found. Subtle mineralization of the 
basal ganglia has been observed. While axonal loss is 
complete in areas of cavitation, the less involved areas 
demonstrate a more variable loss of axons. Some- 
times the axonal loss is as severe as the myelin loss, 
but in other cases or areas axons are relatively spared. 
Myelin sheaths are abnormal and vary from pale to 
thin to vacuolated. Vacuolated myelin is noted in pre- 
served areas, often near the cystic to cavitated lesions. 
The vacuoles are bordered by material staining posi- 
tive with Luxol fast blue or with myelin basic protein, 
suggesting that these vacuoles reflect intramyelinic 
edema. Ultrastructural studies have revealed some 
myelin vacuoles suggestive of intramyelinic edema. 
However, a re-evaluation of the vacuolated white mat- 
ter following the recognition of "foamy" oligodendro- 
cytes has raised questions about how much vacuola- 
tion of white matter is related to intramyelinic edema 
and how much is due to the presence of these vacuo- 
lated oligodendrocytes. The radiating stripes within 
the rarefied white matter, seen on MRI, seem to corre- 
late with blood vessels accompanied by reactive as- 
trocytes. 

Different types of glia are involved in the disease 
process. In and around the areas that are cavitated, 
oligodendrocytes demonstrate marked losses, al- 
though they are still relatively high in number as 
compared to other types of cells. In areas that are bet- 
ter preserved an increase in apparently mature oligo- 
dendrocytes is seen, most consistently in the arcuate 
fibers, other regions bordering the cystic to cavitated 
lesions, anterior commissure, the internal capsule, 
and the corpus callosum. Oligodendrocytes may have 
an abnormal appearance and look vacuolated or 
"foamy." At the ultrastructural level the vacuoles are 
membranous structures associated with mitochondr- 
ial membranes, and, in places, contiguous with myelin 
lamellae. These oligodendrocytes also combine many 
mitochondria, proteolipid protein mRNA, and finger- 
print structures - the latter two attributes also noted 
in nonvacuolated oligodendrocytes. Positive staining 
for both proliferative markers (Ki-67), antiapoptotic 



markers (bcl2, survivin), and proapoptotic markers 
(bac, bax, TUNEL, and activated caspase-3) has been 
found in oligodendrocytes. There is a trend that in 
early-onset devastating encephalopathy, loss of oligo- 
dendrocytes dominates with enhanced staining for 
apoptosis markers, whereas in older patients with 
longstanding disease, proliferation of oligodendro- 
cytes dominates with striking increases in their num- 
bers. There is a meager to moderate response by as- 
trocytes and microglial cells in this disease, even in 
areas near the cavitation. Only scant lipophages are 
seen, and the astrocytes appear to be dysmorphic 
with blunt, broad processes rather than their typical 
delicate arborizations. 



65.3 Pathogenetic Considerations 

VWM is related to defects in translation initiation 
factor eIF2B. eIF2B consists of five nonidentical sub- 
units (eIF2Ba, eIF2Bp, eIF2By, eIF2B6, and eIF2Be), 
all of which are encoded by different genes (EIF2B1, 
EIF2B2, EIF2B3, EIF2B4, and EIF2B5, respectively) 
located on different chromosomes (12q24.3, 14q24, 
lp34.1, 2p23.3, and 3q27, respectively). Mutations in 
any of these genes can independently cause the dis- 
ease. 

Translation of mRNA into polypeptides is one of 
the major energy-consuming processes in the cell and 
is therefore, not surprisingly, a tightly regulated 
process. The initiation phase, in which ribosomes are 
assembled on mRNA, is controlled via several differ- 
ent signaling pathways. Multiple so-called eukaryotic 
initiation factors (elFs) are involved in translation 
initiation, and among them the guanine nucleotide 
exchange factor eIF2B plays a key regulatory role. A 
crucial step in translation initiation is the delivery 
by eIF2 of the initiator methionyl-transfer RNA (Met- 
tRNAi) to the small ribosomal subunit. Upon recogni- 
tion of the start codon and binding of methionine to 
it, the eIF2-bound guanosine triphosphate (GTP) is 
hydrolyzed and eIF2 is released in its inactive guano- 
sine diphosphate (GDP) -bound form. In order to 
bind another Met-tRNAi and initiate the production 
of another protein, active eIF2 must be regenerated by 
exchange of GDP for GTP. This step is catalyzed by 
eIF2B. The exchange of GDP for GTP by eIF2B is re- 
quired for each round of translation initiation. Thus, 
eIF2B is necessary for the production of all proteins 
in the body. Regulation of this step can control global 
rates of protein synthesis under diverse conditions. 

Protein synthesis is markedly inhibited under a 
variety of stress conditions and in the recovery phase 
that follows. This response is part of a protective 
mechanism of cells elicited by various stimuli, includ- 
ing thermal, chemical, oxidative, or physical trauma, 
called the cellular stress response or heat shock re- 
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sponse. Stress may lead to misfolding and denatura- 
tion of proteins, contributing to cell dysfunction and 
death. The inhibition of normal RNA translation dur- 
ing stress is thought to enhance cell survival by limit- 
ing the accumulation of denatured proteins and sav- 
ing cellular energy. 

Inhibition of mRNA translation can be achieved 
through the modification of several initiation factors. 
Most stress conditions, including heat stress, lead to 
activation of specific kinases that phosphorylate eIF2 
on its a-subunit. In this phosphorylated form, eIF2 
binds tightly with eIF2B and in this way is a competi- 
tive inhibitor of eIF2B, preventing the recycling of 
eIF2. The concentration of eIF2 usually exceeds that 
of eIF2B. Therefore, even modest levels of eIF2a 
phosphorylation can potentially lead to complete in- 
hibition of translation initiation and protein synthe- 
sis. In certain cell types, inactivation of eIF2B at 
40-41 °C can be achieved without changes in eIF2a 
phosphorylation. eIF2B activity can also be regulated 
through other pathways, such as phosphorylation at 
different sites, which can enhance or suppress eIF2B 
activity. Whether these latter pathways are involved in 
the regulation of eIF2B activity under stress condi- 
tions is unclear. 

The essential role of eIF2B, both in normal protein 
production and in its regulation under different con- 
ditions, including elevated temperature, is reflected 
by the evolutionary conservation of the complex and 
the nonviability of yeast null mutants for each of the 
subunits except eIF2Ba. In VWM patients, most mu- 
tations are missense mutations. So far, major muta- 
tions, which prevent the expression of full-length 
eIF2B subunits, have only been observed in the com- 
pound heterozygous state with a missense mutation 
as second mutation. 

At a biochemical level, evidence has been provided 
that mutations reduce eIF2B activity. Certain muta- 
tions impair the ability to form the five-subunit eIF2B 
holocomplexes, leading to diminished eIF2B activity. 
Point mutations in the catalytic domain, located at 
eIF2Be, impair its ability to bind eIF2. Some other mu- 
tations in eIF2Bp actually enhance eIF2 binding, also 
impairing eIF2B function. 

The pathophysiology of VWM is still difficult to 
explain. Serious deteriorations often follow febrile in- 
fections and other forms of cellular stress. Inhibition 
of eIF2B via the phosphorylation of eIF2a is an im- 
portant mechanism for slowing down protein synthe- 
sis in response to, for example, the accumulation of 
unfolded proteins in the endoplasmic reticulum. This 
regulation of eIF2B is likely to be of particular impor- 
tance in preventing denatured proteins from accumu- 
lating during cellular stress and could provide a clue 
as to why VWM is exacerbated by episodes of infec- 
tion and trauma. There is evidence of activation of the 



unfolded protein response in VWM. However, many 
aspects of the disease are poorly understood. eIF2B is 
ubiquitously expressed in all cells of the body. It is 
unclear why the brain is preferentially or selectively 
affected, whereas other organs are only involved in 
the most serious variants of the disease. 

It is becoming increasingly clear that there is some 
genotype-phenotype correlation. Some mutations 
are consistently, although not invariably, associated 
with a mild phenotype, whereas other mutations are 
consistently associated with a severe phenotype. One 
example is the Argll3His mutation in eIF2Bs, which 
in the homozygous state is almost always associated 
with a late onset and slow progress. It is remarkable 
that histidine is normal at position 113 in mouse and 
rat. However, childhood-onset patients homozygous 
for the Argll3His mutation have been observed too. 
The second example is the Argl95His in eIF2Be, the 
Cree leukoencephalopathy mutation, which in the 
homozygous state is invariably associated with an 
early onset and early death. There is also evidence for 
a correlation between decrease in guanine-nucleotide 
exchange factor (GEF) activity of eIF2B and the age at 
onset of the disease. Mutations with a more serious 
impact on eIF2B function seem to be associated with 
a more serious disease course. However, there is also 
major variation between patients carrying the same 
mutations and between affected siblings in the same 
family. So, environmental and other genetic factors 
influence the phenotype as well. 



65.4 Therapy 

There is presently no causal treatment for VWM, but 
certain preventive measures seem advisable. Particu- 
lar stress conditions should be avoided in patients 
with VWM: infections, high temperatures, and head 
trauma. Vaccinations to prevent infectious diseases 
are important. In the case of fever, it is essential to 
keep the temperature down with antipyretics, if nec- 
essary with cooling. It is important to be liberal with 
antibiotics. In children with frequent upper respirato- 
ry tract infections, daily low-dose antibiotics may be 
considered. Patients have reported deterioration after 
sun bathing. Playing for a long time in the full sun 
during hot weather may, therefore, be something to 
avoid. It is impossible to avoid the minor head trau- 
mas of daily life, but it is better to avoid certain types 
of physical contact sports. During episodes of major 
deterioration, corticosteroids have led to temporary 
improvements. However, this effect is not consistent 
and lasting beneficial effects have never been ob- 
served. Considering the potential adverse effects of 
steroids, in particular worsening of infections, their 
use during episodes of deterioration is not advocated. 
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65.5 Magnetic Resonance Imaging 

MRI of the brain shows extensive cerebral white mat- 
ter changes in VWM (Figs. 65.1-65.5). Over time, MRI 
shows evidence of disappearance of the affected white 
matter, which is replaced by fluid (Figs. 65.2 and 65.3). 
On T 2 -weighted images, abnormal white matter and 
cystic white matter both have a high signal intensity 
and cannot be distinguished. Proton-density or 
FLAIR images are necessary to demonstrate the white 
matter rarefaction and cystic degeneration. Abnor- 
mal white matter has a high signal on proton-density 
and FLAIR images, whereas cystic white matter has a 
low signal intensity, similar to the signal of CSF. Rar- 
efied white matter has an intermediate signal intensi- 
ty, not as low as CSF. Within the rarefied and cystic 
white matter a stripe-like pattern is visible, suggest- 
ing remaining tissue strands (Fig. 65.6). Heavily T 2 - 
weighted images are as a rule not suitable to show the 
stripes, because these images do not allow distinction 
between the stripes of abnormal white matter and 
rarefied or cystic white matter, both appearing bright. 
In exceptional cases, the stripes are dark on T 2 - 
weighted images (Fig. 65.6). The U fibers are spared 
to a variable extent. In some patients a rim of subcor- 
tical white matter is spared, whereas in other patients 
the U fibers are abnormal (Fig. 65.7). The sparing of 
the U fibers is seen best on T x -weighted images 
(Fig. 65.7). MRI has been performed in a few 
presymptomatic and oligo symptomatic individuals 
and in all persons diffuse cerebral white matter ab- 
normalities have been found, although initially not 
necessarily with evidence of rarefaction or cystic de- 
generation (Figs. 65.8 and 65.9). In the end stage of 
VWM all cerebral hemispheric white matter may have 
vanished, leaving a ventricular wall and cortex with 
little or nothing in between (Figs. 65.2 and 65.3). It is 
striking that although the white matter may be high- 
ly cystic, the brain does not collapse and rarely shows 
evidence of external atrophy. On the contrary, the 
cerebral white matter may have a (mildly) swollen 
appearance with broadening of gyri (Fig. 65.3). Even 
when there seems to be hardly any cerebral white 
matter left, there is a distance between ependymal lin- 
ing and the cortex, apparently filled with fluid. The 
lateral ventricles may be mildly to moderately dilated, 
but not seriously so. White matter swelling is predom- 
inantly seen in young children, whereas more serious 
atrophy is seen in teenagers and adults with VWM 
(Fig. 65.4). 

Often a dilated cavum septi pellucidi and cavum 
Vergae are present. The inner rim of the corpus callo- 
sum is usually involved (Figs. 65.8 and 65.9), and in 
later stages the corpus callosum becomes thin 
(Fig. 65.10). The posterior limb of the internal capsule 
is often involved, whereas the anterior limb of the in- 
ternal capsule is rarely involved. The anterior com- 



missure is spared. The cerebellar white matter may 
have a normal (Fig. 65.4) or mildly abnormal signal 
(Figs. 65.1,65.2 and 65.5). However, the process of rar- 
efaction and cystic degeneration appears to be re- 
stricted to the cerebral hemispheric white matter. 
Over time, atrophy of the cerebellum and sometimes 
also the brain stem ensues. There are often signal ab- 
normalities in the midbrain and pons, and sometimes 
in the medulla (Figs. 65.2 and 65.5). Especially, the 
central tegmental tracts in the pontine tegmentum 
are often involved. Unlike the cerebral and cerebellar 
white matter abnormalities, the brain stem signal ab- 
normalities, when present, may improve again and 
even disappear. They seem to be particularly promi- 
nent during episodes of lowered consciousness 
(Figs. 65.2 and 65.5). MRI-visible spinal cord lesions 
are rare but may occur. 

The cerebral and cerebellar cortex have a normal 
appearance. Most often, the basal ganglia and thala- 
mus also have a normal signal intensity, but particu- 
larly thalamus and globus pallidus lesions may occur 
(Figs. 65.2 and 65.5). Thalamus lesions may also im- 
prove and disappear all together. The globus pallidus 
may have a low signal intensity on T 2 -weighted im- 
ages, suggesting mineralization (Figs. 65.4 and 65.5). 

The above MRI description applies to the late-in- 
fantile, childhood, juvenile, and adult-onset disease 
(Figs. 65.1-65.10). The MRI picture may be much 
more difficult to diagnose in early- infantile VWM. In 
evidently affected neonates, the brain may only look 
immature with a gyral pattern that is too coarse for 
the gestational age of the child and with immature 
white matter having a high water content and little 
myelin, but little or no rarefaction (Figs. 65.11-65.13). 
Over time, the cerebral white matter may look in- 
creasingly abnormal, rarefied, and cystic, as seen in 
the later-onset variants of the disease, but the cerebral 
white matter may also become highly atrophic, the 
ependymal lining (almost) touching the depth of the 
gyri (Fig. 65.13), very much unlike what is seen in the 
later-onset variants of the disease. In these severely 
affected infants, the brain as a whole is highly atroph- 
ic, including also the corpus callosum, cerebellum, 
and brain stem. In early-onset VWM, the cerebellar 
white matter may also become cystic. 

Proton MRS shows stage-dependent abnormali- 
ties. In the initial stages, when there is little white mat- 
ter rarefaction, the white matter spectrum is relative- 
ly preserved. With ongoing rarefaction and cystic de- 
generation, the signals decrease, finally to disappear 
altogether. Finally, the spectrum is a CSF spectrum 
with some lactate and glucose and no or minor "nor- 
mal" peaks. The cortex spectrum remains well pre- 
served throughout. 

A study using phosphorus MRS of the brain 
(Bluml et al. 2003) revealed evidence for an altered 
energy state of the residual cells in the cerebral white 
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Fig. 65.1. The cerebral white matter is diffusely abnormal in 
this 3.5-year-old girl with VWM.The posterior limb of the inter- 
nal capsule is affected. The brain stem is intact.The cerebellar 
white matter has a mildly abnormal signal intensity.The FLAIR 
images {third row, left and middle) demonstrate that within the 
white matter that is abnormal on the T 2 -weighted images 
there are areas with a low signal intensity, close or equal to the 



signal intensity of CSF, consistent with white matter rarefac- 
tion and cystic degeneration. Within these areas dots and 
stripes with a high signal intensity are seen, consistent with re- 
maining strands of abnormal tissue. The sagittal T r weighted 
image {third row, right) shows a pattern of radiating stripes, 
compatible with better preserved tissue strands 



matter. Nucleoside triphosphate and inorganic phos- 
phate were reduced, whereas phosphocreatine was 
elevated. The relative preservation of gray matter over 
white matter may have contributed to this observa- 



tion, the nucleoside triphosphate to inorganic phos- 
phate ratio normally being lower in gray matter than 
in white matter. Of the metabolites involved in 
biosynthesis and catabolism of membrane phospho- 
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Fig. 65.2. 
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Fig. 65.3. The T 2 -weighted {first row) and FLAIR images {sec- 
ond row) of a severely affected 2-year-old boy with VWM show 
the characteristic abnormalities. Note the large cavum septi 
pellucidi.Ten months later he has lost almost all functions. He 
is blind and has no intentional movements. The MRI was per- 
formed because he had papilledema atfunduscopy.The FLAIR 



images {third row) show that all cerebral white matter has van- 
ished.The lateral ventricles are mildly dilated, but the cerebral 
cortex has not collapsed over the central structures. On the 
contrary, the vanished white matter look swollen with broad- 
ening of gyri 



Fig. 65.2. TheT 2 -weighted images of this 3-year-old girl with 
VWM {first two rows) show diffuse involvement of the cerebral 
white matter, posterior limb of the internal capsule, and cere- 
bellar white matter. Within the pons the central tegmental 
tracts and the pyramidal tracts are affected. The FLAIR image 
{first row, left) shows much more serious white matter rarefac- 



tion and cystic degeneration than in the previous patient. Five 
months later {third and fourth rows), she is in coma. The FLAIR 
images {third row, left) show that the cerebral white matter is 
now largely cystic. The T 2 -weighted images show that the 
globus pallidus,midbrain,and medulla now have an abnormal 
signal. The girl died soon after the MRI 
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Fig. 65.4. This 18-year-old girl has a milder form of VWM. Al- 
though she has been symptomatic since the age of 4 years, she 
can still walk without support. The T 2 -weighted images show 
diffuse white matter involvement with some atrophy, but the 
proton-density images {third row, left and middle) show that 



the cerebral white matter is rarefied but not cystic. The FLAIR 
image {third row, right) shows the characteristic radiating 
stripes of better preserved tissue strands.The globus pallidus 
has a low signal intensity, probably related to mineralization. 
The brain stem and cerebellar white matter are intact 



lipids, glycerophosphoethanolamine was reduced 
and phosphotidyl ethanolamine was increased, 
whereas choline-containing phosphorylated metabo- 
lites were unchanged. It is difficult to interpret these 
findings, most of all because the composition of the 
remaining brain tissue in VWM is dramatically 



changed with serious rarefaction and altered ratios of 
composing cells. Why a defect in the regulation of 
protein synthesis would selectively affect ethanol- 
amine phospholipid metabolism and leave choline 
phospholipid metabolism unaffected is presently un- 
clear. 
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Fig. 65.5. The girl illustrated in this figure presented for the 
first time at the age of 16, lapsed into coma and died after 4 
months.TheT 2 -weighted images show the diffuse white mat- 
ter involvement, but the proton-density images {third row, left 
and middle) show that the white matter is rarefied but not cys- 
tic. This was confirmed at autopsy. Both the proton-density 



and FLAIR {third row, right) images show evidence of some bet- 
ter preserved tissue strands.TheT 2 -weighted images show sig- 
nal abnormalities in the internal capsule, thalamus, midbrain, 
basis of the pons, central tegmental tracts, middle cerebellar 
peduncles, cerebellar white matter, and medulla 
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Fig. 65.6. The first row of images was obtained in a 5-year-old 
boy with VWM;the second row in a 6-year-old girl with VWM. In 
the boy the typical MRI features of VWM are seen with a pat- 
tern of radiating stripes on the sagittal ^-weighted image 
{left), diffuse white matter abnormalities without evidence of 
stripes and dots on the axial T 2 -weighted image {middle), 
whereas on the FLAIR image {right) the abnormal white matter 
has a high signal in some parts and a low signal in others, the 
latter compatible with rarefaction and cystic degeneration. 
Within the rarefied white matter of the centrum semiovale, 



dots with a high signal intensity are seen, consistent with 
transections of strands of abnormal white matter.ln the girl an 
unusual pattern is seen. The sagittal {left) and axial {middle) 
T 2 -weighted images show the diffuse abnormality of the cere- 
bral white matter. Within the abnormal white matter a pattern 
of dark radiating stripes is seen, apparently representing 
strands of normal tissue. The FLAIR image {right) shows some 
white matter rarefaction in the parietal area. Images of the sec- 
ond patient courtesy of Dr.T. Polster, Gilead Pediatric Center, 
Bielefeld, Germany 
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Fig. 65.7. The first row of images originates from a 9-year-old 
girl with VWM, the second row from a 16-year-old girl with 
VWM.The T 2 -weighted {middle) and FLAIR or proton-density 



{right) images reveal the characteristic features of VWM.The IR 
image {left) shows that the U fibers are spared in the first 
patient, whereas they are affected in the second patient 
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Fig. 65.8. This 18-year-old university student presented with cerebral white matter and the inner rim of the corpus callo- 

a single seizure and had no abnormalities at neurological ex- sum. The FLAIR images {second row) do not show evidence of 

amination. She has a DNA-confirmed diagnosis of VWM.The white matter rarefaction. Courtesy of Dr. E Storey, Neurogen- 

T 2 -weighted images {first row) show diffuse involvement of the etics Clinic, Royal Melbourne Hospital, Parkville, Australia 




Fig. 65.9. A 1 3-year-old girl has a history of complicated mi- matter and inner rim of the corpus callosum with sparing of all 

graines, but no abnormalities at neurological examination. She subcortical white matter. There is no evidence of white matter 

has a DNA-confirmed diagnosis of VWM. These FLAIR images rarefaction. Courtesy of Dr. M. D'Hooghe, Department of Neu- 

show abnormalities in the periventricular and deep white rology,Sint-Jan General Hospital, Brugge, Belgium 
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Fig. 65.10. A 49-year-old man with a history of presenile dementia and motor problems. His MRI is typical for VWM and the 
diagnosis was DNA-confirmed. Note the thin corpus callosum. From Prass et al. (2001 ), with permission 




Fig. 65.11. The VWM patient in this figure had an antenatal 
onset of symptoms with decreased fetal movements and 
oligohydramnios. At birth she had dislocated hips and was hy- 
potonic. She followed a rapidly downhill course with in- 
tractable seizures, feeding difficulties, hypotonia, apathy, and 
finally coma and respiratory failure. At physical examination oil 
droplet cataracts and hepatosplenomegaly were found. She 
died at 8 months.The left (T 2 -weighted) and middle (FLAIR) im- 



ages were obtained at the age of 3 months and revealed most 
of all an immature brain with failure of myelination and insuf- 
ficient gyral development.The FLAIR image shows some white 
matter rarefaction. The right image was obtained at 6 months 
and revealed more prominently abnormal cerebral white mat- 
ter with additional involvement of the globus pallidus and the 
right thalamus. From van der Knaap et al. (2003), with permis- 
sion 
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Fig. 65.1 2. This figure shows the images of two siblings with 
antenatal onset of VWM and death at the ages of 3.5 and 4 
months, respectively.The first row of images was obtained at 1 
month in a girl;the second row shows the follow-up images ob- 
tained at 4 months. The third row shows the images of her af- 
fected brother, obtained at 3 months.The images obtained at 
1 month reveal an immature brain with failure of myelination 
and insufficient gyration. Note the swelling of the anterior 
temporal white matter, which contains a cyst. The images ob- 



tained at 3 and 4 months revealed more prominent abnormal- 
ities of the cerebral white matter. Myelination and gyration 
have not progressed. There is white matter volume loss with 
enlargement of the lateral ventricles. Note the swollen and 
cystic anterior temporal white matter. The cerebellum is small 
and the brain stem looks atrophic. Courtesy of Dr. R. van Coster, 
Department of Pediatric Neurology, C. Hooft University Hospi- 
tal, Gent, Belgium 



Fig. 65.1 3. A patient with antenatal onset of VWM underwent 
MRI at the ages of 5 days {first and second rows) and 5 months 
{third and fourth rows). Initially, the brain has an immature 
appearance with coarse gyri and cerebral white matter with a 
high water content.The inferior horns of the lateral ventricles 
are dilated. On follow-up, most of the cerebral white matter 
has disappeared, but, unlike the typical appearance of vanish- 



ing white matter, the ependyma touches the cortex. The later- 
al ventricles are now highly dilated.There is a cyst in the ante- 
rior temporal region. The remaining cerebral white matter 
looks highly abnormal and swollen. The cerebellum has be- 
come highly atrophic. The brain stem is also thin. From 
Boltshauser et al. (2002) and van der Knaap et al. (2003), with 
permission 
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Fig. 65.1 3. 



Chapter 66 

Aicardi-Goutieres Syndrome 



66.1 Clinical Features 

and Laboratory Investigations 

Aicardi-Goutieres syndrome is a rare leukoen- 
cephalopathy with an autosomal recessive mode of 
inheritance. The disease presents at birth or within 
the first few months of life. In some patients intrauter- 
ine growth retardation and a deceleration of head 
growth have been reported. Early postnatal signs are 
irritability, jitteriness, feeding problems, and failure 
to thrive. Often a high-pitched cry is noted. Recurrent 
febrile episodes of unknown cause may occur in the 
presence of normal laboratory investigations. Gener- 
alized hypertonia and spasticity are present from the 
beginning, or develop in the course of the first 
months. Dystonic posturing may occur. Truncal hy- 
potonia, poor head control, and opisthotonic postur- 
ing are often noted. Head growth is usually poor with 
progressive microcephaly, but some patients have a 
normal head circumference. Gain in height and 
weight is usually normal or just below normal. Some 
but not all patients have seizures. Vision is often poor. 
Some patients have pale optic discs, whereas others 
have normal fundi. Pupillary reactions are normal. 
Nystagmus may be present. There is a variably severe 
developmental delay. In many patients no, or at most 
few, developmental milestones are reached. However, 
some patients achieve walking with or without sup- 
port. Some patients learn to talk. 

Some patients have extraneurological features. The 
most prominent of these are cutaneous lesions, which 
mainly affect the fingers and toes, and sometimes 
also the ear lobes, in the form of scaly erythematous 
lesions and an acrocyanotic appearance reminiscent 
of chilblains. Patients may have puffy edema and 
swelling of the proximal parts of fingers and toes 
tapering towards the end. 

The disease is usually considered to be progressive, 
although in patients with severe and early-onset dis- 
ease it may be difficult to determine whether this is 
the case. Patients with milder disease may show ongo- 
ing development for many years, although in others a 
clear regression is noted. Many patients die early, 
within either months or a few years of birth. Most 
children die in a vegetative state from pneumonia. 
However, survival beyond the teenage period has also 
been observed. When multiple affected patients are 
present within the same family, striking differences in 
the severity of the disease may be observed. Within 



the same family, one affected child may achieve no de- 
velopmental milestones at all and be severely spastic, 
whereas the affected sibling is walking with support. 

Laboratory investigations have revealed no abnor- 
malities apart from mild chronic lymphocytic pleo- 
cytosis in the CSF, with a cell count usually varying 
between 10 and 300 cells/mm 3 . The CSF lymphocyto- 
sis is more or less obligatory in the early stages of the 
disease, but may disappear afterwards. The duration 
of the persistence is probably quite variable. Protein 
level varies from normal to more than 1 g/1. There is 
no evidence of intrathecal immunoglobulin synthe- 
sis: IgG index is normal and there are no oligoclonal 
bands. Interferon-a is elevated in blood and CSF, but 
much higher in CSF than in blood, indicative of in- 
trathecal synthesis. The elevation of interferon-a is 
probably consistently present, at least in the early 
stages of the disease and probably also for a long time 
thereafter. Electron microscopy of CSF lymphocytes 
may reveal tubuloreticular inclusions, indicative of 
interferon deposits. Similar deposits may also be pre- 
sent in endothelial cells on skin biopsy. There is no 
evidence of congenital infections; TORCH (toxoplas- 
mosis, rubella, cytomegalovirus, and herpes simplex) 
screening is negative. Extensive screening for inborn 
errors of metabolism has never revealed abnormali- 
ties. In some patients increased CSF pterins and low- 
ered CSF folate levels have been found. 

Multiple patients have been reported with atypical 
findings. At present it is not clear whether these cases 
are variant forms of Aicardi-Goutieres syndrome or 
should be considered separate, distinct disease enti- 
ties. A few patients reported had atypical manifesta- 
tions including microcytic anemia (Kumar et al. 
1998) or growth hormone deficiency and retinal de- 
generation (Bonnemann et al. 1991). Another condi- 
tion to be considered is the micro cephaly-intracr a- 
nial calcifications syndrome (MICS), also called pseu- 
do-TORCH syndrome, which has a neonatal-onset 
encephalopathy and shares essential features with 
Aicardi-Goutieres syndrome, especially calcium de- 
posits within the cerebral white matter and basal gan- 
glia, but also has features suggestive of a congenital 
infection, such as neonatal thrombocytopenia, he- 
patosplenomegaly, congenital microcephaly, and 
cataracts in the presence of negative TORCH antibod- 
ies (Burn et al. 1986; Reardon et al. 1994; Wieczorek et 
al. 1995, Monastiri et al. 1997; Slee et al. 1999; Vivarel- 
li et al. 2001). Cree encephalitis, reported among the 
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Cree Indians, leads to microcephaly, intracerebral cal- 
cifications, hepatosplenomegaly, and thrombocy- 
topenia, similar to the pseudo-TORCH syndrome 
(Black et al. 1988). Lupus erythematosus has been de- 
scribed in two siblings with a pseudo-TORCH syn- 
drome born to consanguineous parents (Dale et al. 
2000). The patients presented with early-onset en- 
cephalopathy and typical signs of pseudo-TORCH 
syndrome. Within a year they developed hypocom- 
plementemia and a systemic lupus erythematosus- 
like rash. The diagnosis of systemic lupus erythe- 
matosus was made on the basis of a characteristic au- 
toantibody profile. Finally, there are reports on pa- 
tients who share similarities with Aicardi-Goutieres 
syndrome patients, including the cerebral white mat- 
ter abnormalities and punctate calcium deposits in 
the white matter and basal ganglia, but also have 
symptoms not reported in other patients, such as hy- 
pothyroidism and pericardial effusions, and lack CSF 
lymphocytosis and elevated CSF interferon-a levels 
(Schwarzetal.2002). 



66.2 Pathology 

Postmortem investigations demonstrate gross atro- 
phy of the cerebral hemispheres, corpus callosum, 
brain stem, and cerebellum. On sectioning, reduction 
in white matter volume and enlargement of the ven- 
tricles are noted. Calcium deposits are consistently 
present. Most dense calcium deposits are seen in the 
globus pallidus, putamen, caudate nucleus, thalamus, 
and dentate nucleus. Less dense calcium deposits are 
variably noted in the cerebral cortex, cerebral white 
matter, cerebellar white matter, and cerebellar cortex. 
The calcium deposits are usually punctate, but large 
concrements may also be seen. On microscopy the 
calcium deposits are shown to be vascular and 
perivascular. Many small vessels, both veins and ar- 
teries, exhibit thickened media and adventitial wall 
with circular and focal calcium deposits within the 
media, adventitia, and perivascular spaces. In addi- 
tion, some lamellar calcium deposits not associated 
with blood vessels are seen in the cerebral and cere- 
bellar white matter. The cerebral and cerebellar white 
matter and the brain stem display a diffuse inhomo- 
geneous myelin deficiency associated with astrocyto- 
sis. Areas of complete myelin deficiency may show 
cavitation. Signs of active myelin breakdown are lack- 
ing; no sudanophilic material is present. Some ascribe 
the myelin deficiency to hypomyelination and others 
to myelin loss. In the cerebral and cerebellar cortex a 
multitude of wedge-shaped microinfarctions has 
been reported with abnormal small vessel prolifera- 
tion. These infarctions are probably related to the 
widespread calcifying microangiopathy. Inflamma- 



tion is minor and limited to the areas of necrosis and 
to the leptomeninges. 



66.3 Pathogenetic Considerations 

The disease is has an autosomal recessive mode of in- 
heritance. The basic defect is unknown. A genome- 
wide linkage study has revealed a locus for a disease 
gene on chromosome 3p21, but no gene associated 
with Aicardi-Goutieres syndrome has yet been iden- 
tified. Evidence for locus heterogeneity has been pro- 
vided, suggesting the existence of at least one addi- 
tional disease gene. The problem presently is the 
clinical definition of the disease. There is a striking 
clinical heterogeneity and it is not known whether 
Aicardi-Goutieres syndrome, variant forms, MICS/ 
pseudo-TORCH syndrome, and Cree encephalitis 
represent the same disorder or not. They may repre- 
sent closely related but different disorders with de- 
fects in different single genes, probably all involved in 
similar or the same processes, or they may represent 
one disorder, associated with not a single but a small 
number of genes that are involved in the same 
process. 

The chronic CSF lymphocytosis and elevated in- 
terferon-a levels are central and striking features in 
Aicardi-Goutieres syndrome. Interferons constitute a 
family of signal proteins. Upon binding to specific re- 
ceptors they induce activation of a signal transduc- 
tion pathway that activates a broad range of genes, 
which are involved in antiviral, immunomodulatory, 
and antiproliferative activities. Interferon-a is in- 
creased to variable levels in viral infections, depend- 
ing on the stage of the disease. Interferon-a does not 
cross the blood-brain barrier, so if levels are higher in 
the CSF than in the blood, it is a result of intrathecal 
synthesis. It is elevated in the CSF during viral menin- 
gitis and encephalitis, but elevation is not a sign of 
neurodegenerative disorders in general. It is probable 
that interferon-a is important in the pathophysiology 
of Aicardi-Goutieres syndrome. Transgenic mice 
with astrocyte-targeted chronic overproduction of 
interferon-a develop progressive inflammatory en- 
cephalopathy with angiopathy and calcifications in 
the basal ganglia. These neuropathological features 
are very similar to those found in Aicardi-Goutieres 
syndrome, suggesting a causal relationship between 
the elevated levels of interferon-a and the disease. 

Histopathological findings suggest that a calcify- 
ing microangiopathy may underlie Aicardi-Goutieres 
syndrome. Small vessels have a highly abnormal ap- 
pearance with thickened walls and intramural and 
perivascular calcium deposits. The wedge-shaped mi- 
croinfarctions in the cerebral and cerebellar cortices 
are highly suggestive of involvement of small arteri- 
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oles. The inhomogeneous, irregular aspect of the 
white matter abnormalities, with patches of pre- 
served myelin and patches of myelin loss and cavita- 
tion alternating in an apparently haphazard way, is 
compatible with an underlying microangiopathy. A 
microangiopathy in the context of an inherited dis- 
ease is not unique. The combination with microan- 
giopathy and leukoencephalopathy is also seen in 
Labrune syndrome and CADASIL, although in the lat- 
ter condition there are no calcium deposits. An open 
question is how an "interferonopathy" could be relat- 
ed to the calcifying microangiopathy seen in Aicar- 
di-Goutieres syndrome 



66.4 Therapy 

At present, there is no therapy apart from supportive 
care. Prenatal diagnosis is not possible as yet. 



66.5 Magnetic Resonance Imaging 

CT is very important in the diagnosis of this disease, 
readily demonstrating the presence of calcium de- 
posits (Figs. 66.1, 66.3, 66.5, and 66.8). The calcium 
deposits are most often seen in the globus pallidus, 
putamen, caudate nucleus, thalamus, and dentate nu- 
clei. Additionally, calcium deposits may be seen in the 
cerebral white matter, in particular in the periventric- 
ular area alongside the ventricle wall, and in the cere- 
bellar white matter. The deposits are typically punc- 
tate, and may coalesce to form large concrements. 
However, in patients in whom the basal ganglia calci- 
fications have become diffuse, there are usually still 
punctate calcifications elsewhere in the brain. In sev- 
eral affected sibs of typical cases of Aicardi-Goutieres 



syndrome, CT did not reveal any calcifications, or on- 
ly in the cerebral white matter along the ventricles. 
Apparently the calcifications are a characteristic, but 
not obligatory part of the disease. Over time the calci- 
um deposits tend to increase in extent and number. 
On CT, variable white matter hypodensity and atro- 
phy has been reported. 

Calcifications are less easily seen on MRI, but MRI 
more easily shows the abnormality of the white mat- 
ter. With few exceptions, the cerebral and cerebellar 
white matter is diffusely abnormal (Figs. 66.2 and 
66.6). In some patients the signal abnormality is mild 
and the white matter looks hypomyelinated rather 
than "diseased." In these patients, MRI demonstrates 
the presence of myelin in some structures that nor- 
mally myelinate early, suggesting arrest of myelina- 
tion at an early stage. In other patients the white mat- 
ter signal abnormalities are much more pronounced, 
suggesting that the white matter signal abnormality 
cannot simply be explained by insufficient and arrest- 
ed myelination, but that there must be additional 
white matter damage. So, MRI suggests that the white 
matter abnormalities seen in Aicardi-Goutieres syn- 
drome are the result of a variable combination of hy- 
pomyelination, demyelination, gliosis, and white mat- 
ter microinfarctions. In some patients, the cerebral 
white matter looks much better, with more myelin 
and only some focal white matter abnormalities 
(Fig. 66.4). Over time there is variable atrophy of the 
brain, in particular due to loss of cerebral white mat- 
ter volume (compare Figs. 66.6 and 66.7). The atrophy 
becomes severe in some patients, whereas in other 
patients there is no evidence of progression of the 
atrophy. Some patients have subcortical cysts in the 
anterior temporal area (Figs. 66.2 and 66.7). These 
cysts may become large. Occasionally exceptional pa- 
tients are seen who are the sibling of a more typically 




Fig. 66.1. CT of a 3-year-old severely affected patient with 
Aicardi-Goutieres syndrome.There are calcium deposits in the 
basal ganglia and periventricular white matter. The calcium 



deposits in the white matter have the typical punctate 
appearance, whereas the basal ganglia calcium deposits are 
more diffuse 
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Fig. 66.2. MRI of the same patient as shown in Fig. 66.1 at the 
same age.TheTVweighted images show cysts in the anterior 
temporal region. The T 2 -weighted images show extensive 



cerebral white matter abnormalities.The corpus callosum and 
internal capsule are spared 



affected patient and in whom the cerebral white mat- 
ter looks much closer to normal than is usual for 
Aicardi-Goutieres syndrome. 

The MRI pattern shows similarities to the leukoen- 
cephalopathy and calcium deposits seen in Cockayne 
syndrome. However, in the latter disease the calcium 
deposits tend to be larger and more confluent, while 
the punctate pattern is very typical of Aicardi- 



Goutieres syndrome. Congenital infections, in partic- 
ular congenital cytomegalovirus infection and toxo- 
plasmosis can lead to a similar pattern of calcium 
depositions and in particular congenital cytomegalo- 
virus infection may be associated with extensive 
white matter abnormalities and anterior temporal 
subcortical cysts. 
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Fig. 66.3. CT scan of the affected brother of the patient 
shown in Figs. 66.1 and 66.2. He is 7 years old. He has a much 
milder phenotype and can walk with support. Note the subtle 



punctate calcium deposits in the basal ganglia and cerebral 
white matter 




Fig. 66.4. MRI of the same patient as shown in Fig. 66.3 at the 
same age.The cerebral white matter looks much better. There 
are multifocal, partially confluent abnormalities in the periven- 



tricular white matter. Myeli nation is delayed, as most evident 
in the temporal lobe 
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Fig. 66.5. CT scan of a 4-month-old patient with Aicardi- um deposits in the periventricular and deep white matter, 
Goutieres syndrome, who is extremely severely affected. He basal ganglia, thalami, and dentate nucleus 
has a sister with the same diagnosis.There are punctate calci- 



Fig. 66.6. MRI of the same patient as shown in Fig. 66.5,also at 
the age of 4 months. Note the atrophy of pons and cerebellum. 
The anterior temporal white matter is swollen and highly 
rarefied. The cerebral white matter is reduced in volume and 
diffusely abnormal in signal intensity. There are small spots of 
low signal intensity in the periventricular white matter on the 
T 2 -weighted image, reflecting calcium deposits. The coronal 
FLAIR images reveal subependymal cysts and highly rarefied 
or cystic anterior temporal white matter. 
(Fig. 66.6 see page 502) 



Fig. 66.7. MRI of the same patient as shown in Figs. 66.5 and 
66.6, now at the age of 1 6 months. Note the serious atrophy of 
the cerebral white matter. There are anterior temporal cysts. 
The subependymal cysts have disappeared 
(Fig. 66.7 see page 503) 
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Fig. 66.6. 
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Fig. 66.7. 
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Fig. 66.8. CT of a 4-month-old patient with Aicardi-Goutieres syndrome, demonstrating how extensive the calcium deposits 
may be. Courtesy of P.G. Barth, Department of Child Neurology, Academic Medical Center, Amsterdam,The Netherlands 



Chapter 67 

Leukoencephalopathy with Calcifications and Cysts 



67.1 Clinical Features 

and Laboratory Investigations 

Leukoencephalopathy with calcifications and cysts 
(LCC) is a very rare leukoencephalopathy. Affected 
siblings have been reported, suggesting an autosomal 
recessive mode of inheritance. Onset varies between 
early infancy and adolescence. Some children display 
intrauterine growth retardation. The disease is slowly 
progressive with signs of spasticity, cerebellar ataxia, 
extrapyramidal movement abnormalities, epilepsy, 
and mental deterioration. In addition, the patients 
may develop focal neurological deficits and signs of 
increased intracranial pressure related to growing in- 
tracranial cysts which require neurosurgical treat- 
ment. Optic atrophy with deterioration of vision and 
blindness may occur. Some of the children have bilat- 
eral Coats retinopathy. Coats retinopathy is a congen- 
ital retinal telangiectatic disease, characterized by ab- 
normal retinal vascular permeability and telangiecta- 
sia, leading to a progressive exudative retinal detach- 
ment and blindness. 

As with all newly described syndromes for which 
the basic defect is not yet known, it is difficult to de- 
fine the phenotype. Several patients have been re- 
ported who lack some of the features described above 
and have additional features not mentioned above. A 
few patients had additionally dyskeratosis congenita- 
like symptoms (sparse hair, dysplastic nails, pigmen- 
tation abnormalities of the skin) and Fanconi ane- 
mia-like features (thrombopenia and aplastic ane- 
mia). Other features reported include microcephaly, 
osteopenia, osteosclerosis with a tendency to frac- 
tures, and short stature. 

Laboratory investigations are unrevealing. Blood 
calcium, phosphorus, and alkaline phosphatase are 
normal. Parathormone levels are normal. CSF is nor- 
mal. 



67.2 Pathology 

The most prominent finding in tissue obtained in 
neurosurgical interventions consists of angiomatous 
changes. Numerous small, tortuous blood vessels are 
found with normal endothelial lamina but an irregu- 
lar, often calcified wall. These vessels are surrounded 
by many whirled and irregular Rosenthal fibers, 
eosinophilic bodies, microcalcifications, and ferric 



iron deposits. The white matter shows myelin loss, 
microcystic degeneration, and gliosis. 



67.3 Pathogenetic Considerations 

The disease probably has an autosomal recessive 
mode of inheritance. The basic defect is unknown. A 
genome-wide linkage study has been started. 

The pathophysiology of the disease has not been 
elucidated, but it is clearly a proliferative angiopathy 
involving the vessels of the central nervous system 
and the retina. The genesis of the cysts is unclear. 



67.4 Therapy 

Growing cysts may require neurosurgical interven- 
tion to alleviate the elevated intracranial pressure. 
Other than that, only supportive care is available. Pre- 
natal diagnosis is as yet not possible. 



67.5 Magnetic Resonance Imaging 

CT is very important in the diagnosis of LCC, readily 
demonstrating the presence of calcium depositions 
(Figs. 67.3 and 67.6). The calcium deposits are most 
often seen in the thalamus, basal ganglia, the deep 
white matter, the white matter-cortex border, cerebel- 
lar white matter, dentate nucleus, brain stem, and lin- 
ing of the cysts. They are not necessarily symmetrical. 
They are progressive over time. The calcium deposits 
are different from those seen in Aicardi-Goutieres 
syndrome. In the latter disease the calcium deposits 
are small and punctate, and even in patients with 
more confluent calcifications, smaller punctate calci- 
fications can still be seen. In LCC the calcium deposits 
are larger and bulky. 

Calcifications are less easily seen on MRI. Gradi- 
ent-echo images can be used for that purpose 
(Fig. 67.1). MRI is, however, superior in depicting the 
abnormality of the white matter (Figs. 67.1, 67.2, 67.4, 
and 67.5). The cerebral white matter shows large areas 
of signal abnormality. The abnormal areas may have 
a mildly swollen aspect with broadening of gyri and 
stretching of the overlying cortex. The white matter 
abnormalities may be asymmetrical. They increase in 
extent over time. 
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Fig. 67.1. A boy with LCC syndrome started to have increas- 
ing walking difficulties at the age of 9-1 0 years. The first MRI 
was obtained at the age of 1 0 years. Note the calcium deposits 
in the basal ganglia, thalami, dentate nuclei, and lining of the 
cysts in the deep frontal white matter on the left and the cere- 
bellum on the right, indicated by a low signal intensity on 
the gradient-echo {first row, left) and T 2 -weighted images. 



The cerebral white matter abnormalities are more serious on 
the left; the cerebellar white matter abnormalities are more 
serious on the right. The abnormal white matter has a swollen 
aspect. We thank Dr. P.G. Barth, Department of Child Neu- 
rology, Academic Medical Center, Amsterdam, The Nether- 
lands, for referral of the patient 



In addition, growing cysts may be seen, most often 
located in the region of the basal ganglia and third 
and fourth ventricle (Figs. 67.1-67.6). They may be- 
come large and lead to compression of brain tissue or 
obstruct the normal CSF flow, leading to secondary 
hydrocephalus. Some of the cysts seem entirely intra- 
ventricular, whereas other cysts are evidently primar- 
ily intraparenchymal. It is important to stress that the 
cysts are not present in all patients, or not yet. Patients 
may be known for many years with calcium deposits 
and white matter abnormalities before they develop 
cysts. 

The imaging pattern showing a combination of 
leukoencephalopathy and calcium deposits is remi- 
niscent of that seen in other disorders leading to 



white matter abnormalities and calcium depositions. 
However, the cysts are unique. In Aicardi-Goutieres 
syndrome the calcium deposits are typically punc- 
tate. In Cockayne syndrome the calcium deposits 
tend to be larger and more confluent, but the white 
matter disease is symmetrical and there are no cysts. 
CNS infections, in particular congenital cytomegalo- 
virus infection, may lead to calcium depositions and 
extensive white matter abnormalities, but the pattern 
of white matter abnormalities is typical and there are 
often anterior temporal subcortical cysts. In disor- 
ders involving parathormone, similar calcium de- 
posits may be seen but the white matter abnormali- 
ties and cysts are lacking. 
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Fig. 67.2. The same patient 1 year later. With surgical intervention, the cysts have become smaller 




Fig. 67.3. The same patient, now 1 3 years old. There is a grow- 
ing cyst in the region of the thalamus on the right.The CT scan 
shows the calcium in the basal ganglia, thalami, and dentate 



nuclei. There are multiple calcium deposits in the cortico-sub- 
cortical junction in the cerebral hemispheres 




Fig. 67.4. The same boy, now 1 9 years old. There are large cysts in the region of the thalamus on both sides 
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Fig. 67.5. 
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Fig. 67.6. CT scan at the age of 22 reveals the increase in calcium as compared to the first CT (Fig. 67.3) 



Fig. 67.5. The same boy, now 22 years of age. The cysts in the 
region of the thalami have regressed without surgical inter- 
vention. The cysts in the left hemisphere have become very 
large and have led to a marked midline shift.TheTrweighted 
images without {third row) and with contrast {fourth row) re- 
veal enhancement in the areas of calcium deposits: the lining 
of cysts and the basal ganglia and thalami. 



Chapter 68 

Leukoencephalopathy with Brain Stem and Spinal Cord 
Involvement and Elevated White Matter Lactate 



68.1 Clinical Features 

and Laboratory Investigations 

Leukoencephalopathy with brain stem and spinal 
cord involvement and elevated white matter Zactate 
(LBSL) is a rare disorder with an autosomal recessive 
mode of inheritance. The initial development is nor- 
mal. In some of the patients, independent walking is 
unstable from the beginning. Motor deterioration 
starts at a variable age in childhood or adolescence 
with signs of spasticity and ataxia involving the legs 
more than the arms. The disease is slowly progressive. 
Patients may become wheelchair-dependent in their 
teens or twenties, but some still walk in their forties. 
Manual dexterity also becomes decreased to a vari- 
able degree. At neurological examination, most pa- 
tients have a distal decrease in position and vibration 
sense. Some patients develop epilepsy with infrequent 
seizures. Some of the patients have learning problems 
from early on, but cognitive decline is of late occur- 
rence. Some patients have more serious disease than 
others. A striking feature is that some patients experi- 
ence an episode of more rapid and partially reversible 
neurological deterioration accompanied by fever fol- 
lowing minor head trauma. 

Somatosensory evoked potentials with stimulation 
of the tibial and median nerves are delayed or nega- 
tive. Sensory and motor nerve conduction velocities 
are normal. 

Extensive laboratory investigations have been un- 
revealing. Only in some of the patients have mild ele- 
vations of serum or CSF lactate been found on sever- 
al occasions. However, extensive mitochondrial work- 
up in fresh muscle tissue has not revealed abnormal- 
ities in any of the patients. No mitochondrial DNA 
mutations have been found. 

Presently, the diagnosis is MRI-based. Prenatal di- 
agnosis is unfortunately not possible. 



68.2 Pathology 

No pathology information is available. 

68.3 Pathogenetic Considerations 

The disease has an autosomal recessive mode of in- 
heritance, but the genetic defect is unknown. 



68.4 Therapy 

No specific treatment is available. Supportive care is 
important. 



68.5 Magnetic Resonance Imaging 

LBSL has a distinct MRI pattern. The cerebral white 
matter is involved to a variable extent. In some pa- 
tients the abnormalities are extensive (Figs. 68.1 and 
68.2), in others they are more limited (Figs. 68.6 and 
68.9). The white matter abnormalities are progressive 
over time, with new structures being involved and 
some white matter atrophy (Fig. 68.2). In all patients, 
even in the oldest, the U fibers are spared (Fig. 68.1). 
In some patients, the cerebral white matter abnormal- 
ities are homogeneous (Fig. 68.10), but in most pa- 
tients the abnormal cerebral white matter has an in- 
homogeneous, spotty aspect (Figs. 68.1, 68.6, and 
68.9). On FLAIR images the white matter abnormali- 
ties are also inhomogeneous with spots of lower 
signal intensity suggestive of focal rarefaction 
(Fig. 68.5). In the mildest form, there may be a few 
focal lesions in the cerebral white matter on a back- 
ground of limited white matter abnormalities, both in 
extent and degree of signal change (Figs. 68.6 and 
68.9). The corpus callosum is involved, almost always 



Fig. 68.1 . A 34-year-old lady with LBSL, presently wheelchair- 
bound. The T 2 -weighted images {first, second, and third rows) 
show extensive inhomogeneous signal abnormalities in the 
cerebral white matter with sparing of the U fibers.The posteri- 
or part of the corpus callosum is affected, whereas the anteri- 
or part is spared. Signal changes are also seen in the posterior 
limb of the internal capsule.Within the midbrain,signal abnor- 
malities are seen in the pyramidal tracts. At the level of the 
pons, the entire basis, the medial lemniscus, mesencephalic 
trigeminal tracts, intraparenchymal parts of the trigeminal 
nerves, and superior cerebellar peduncles are affected bilater- 
ally. At the level of the medulla, the inferior cerebellar pedun- 
cles, the anterior spinocerebellar tracts, the decussation of the 
medial lemniscus and the pyramids are involved. The cerebel- 
lar white matter is diffusely affected. The T] -weighted images 
{fourth row) show the inhomogeneities in signal intensity of 
the abnormal white matter with foci of more prominent signal 
change 
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Fig. 68.1. 
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Fig. 68.2. 
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Fig. 68.3. Diffusion-weighted images of the same patient as 
shown in Fig. 68.2 at the age of 19 years. The Trace diffusion- 
weighted images {first row,b value = 1000) show a high signal 
intensity of the abnormal white matter.The ADC maps {second 



and third rows) show that some areas, in particular rims of 
lesions, have a low ADC, whereas the remainder of the white 
matter has a high ADC 



Fig. 68.2. These T 2 -weighted images of a female patient with 
LBSL were obtained at the ages of 10 years {first and second 
rows) and almost 20 years {third and fourth rows). The typical 
abnormalities are present. Over time the supratentorial white 
matter becomes more atrophic and the abnormalities become 
less homogeneous. At the level of the midbrain signal abnor- 
malities become visible in the pyramidal tracts and the medi- 



al lemniscus. At the level of the pons, bilateral signal changes 
were seen in the medial lemniscus, mesencephalic trigeminal 
tract, intraparenchymal part of the trigeminal nerve, and the 
superior cerebellar peduncle, whereas on follow-up pyramidal 
tract abnormalities are seen as well. The cerebellar white mat- 
ter abnormalities were initially subcortical and become diffuse 
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Fig. 68.4. Spinal images obtained in the patient 
shown in Figs. 68.2 and 68.3. The patient under- 
went multiple MRI studies in 10 years and the 
spinal imaging findings were always the same, with 
signal abnormalities in the dorsal columns and lat- 
eral corticospinal tracts over the entire length of 
the spinal cord 




Fig. 68.5. FLAIR images of the patient shown in Figs. 68.2-68.4. These images show that the abnormal white matter is 
inhomogeneous with areas of lower signal, suggesting focal white matter rarefaction 



more seriously in the posterior part than the anterior 
part (Figs. 68.1, 68.2, and 68.6), but sometimes the 
corpus callosum is homogeneously affected through- 
out. The posterior limb of the internal capsule is also 
affected (Figs. 68.1, 68.2, 68.5, 68.6, 68.9, and 68.10). 



Within the brain stem and spinal cord, the disease in- 
volves certain tracts selectively. The pyramidal tracts 
are affected over their entire length extending down- 
wards through the posterior limb of the internal cap- 
sule and the brain stem into the lateral corticospinal 
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Fig. 68.6. Male LBSL patient at the age of 1 7 years. He has min- 
imal neurological problems, mainly consisting of minor spas- 
ticity of the legs and some bladder dysfunction.TheT 2 -weight- 
ed images show diffuse mild signal changes in the periventric- 
ular and deep cerebral white matter. There are superimposed 
focal lesions with more prominent signal change. The spleni- 



um of the corpus callosum and posterior limb of the internal 
capsule are abnormal. At the level of the pons signal abnor- 
malities are seen in the intraparenchymal part of the left 
trigeminal nerve.There is a small lesion in the superior cerebel- 
lar peduncle on the left. At the level of the medulla lesions are 
seen in the pyramids 



tracts of the spinal cord (Figs. 68.1, 68.2, 68.4, 
68.8-68.10). Sensory tracts are also affected over their 
entire length, involving the dorsal columns in the 
spinal cord, the medial lemniscus through the brain 
stem up to the level of the thalamus, and the corona 



radiata above the level of the thalamus (Figs. 68.1, 
68.2, 68.9, and 68.10). The transverse pontine fibers 
become involved in later stages of the disease 
(Fig. 68.1). Cerebellar connections are selectively in- 
volved, first the superior and inferior cerebellar pe- 
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Fig. 68.7. Diffusion-weighted images in the same patient 
as in Fig. 68.6.TheTrace diffusion-weighted image {left, b value 
= 1000) shows that the focal lesions have a high signal inten- 



sity. On the ADC map {middle and right),the focal lesions have 
a low ADC, whereas the areas of subtle signal change on the 
conventional images have high ADC values 
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Fig. 68.8. Spinal images obtained in the patient 
shown in Figs. 68.6 and 68.7. There are signal abnor- 
malities in the dorsal columns and lateral corti- 
cospinal tracts over the entire length of the spinal 
cord 



duncles (Figs. 68.1, 68.2, 68.9, and 68.10), and only at a 
late stage the middle cerebellar peduncles (Fig. 68.1). 
The anterior spinocerebellar tracts at the level of the 
medulla also become abnormal (Fig. 68.1). A remark- 
able finding is the consistent involvement of the intra- 



parenchymal trajectories of the trigeminal nerve and 
the mesencephalic trigeminal tracts (Figs. 68.1, 68.2, 
68.9, and 68.10). The cerebellar white matter may also 
develop signal abnormalities, first in the subcortical 
regions (Fig. 68.2) and subsequently spreading in- 
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Fig. 68.9. A female 44-year-old LBSL patient with minimal 
neurological problems. In the periventricular and deep cere- 
bral white matter subtle signal abnormalities are seen with 
small foci of more prominent signal change. The posterior 
limb of the internal capsule is affected. At the level of the 
pons, bilateral abnormalities are seen in the pyramidal tracts, 
medial lemniscus,superior cerebellar peduncles,and intrapar- 



enchymal trajectory of the trigeminal nerve. At the level of 
the medulla, abnormalities are seen in the inferior cerebellar 
peduncles and pyramids.The lowest section is through the up- 
per part of the cervical spinal cord and shows the involvement 
of the posterior columns and the lateral corticospinal tracts. 
Courtesy of Dr. M. Heitbrink and Dr. B. Wiarda, Department of 
Radiology, Medical Center Alkmaar, The Netherlands 



wards to involve all cerebellar white matter through- 
out (Figs. 68.1 and 68.2). The cerebellum becomes at- 
rophic over time. 

The white matter abnormalities are progressive 
over time. Cerebral white matter abnormalities may 
be present without any abnormality in the brain stem 
or cerebellum, but at that time the spinal cord already 
contains signal abnormalities in the lateral and dorsal 
tracts. Without spinal imaging, an MRI-based diag- 
nosis is not possible in the early or mildest stages of 
the disease. Over time, the brain stem abnormalities 
develop, and finally so do cerebellar white matter ab- 
normalities. 

A similar MRI pattern has not been described in 
any other condition; if present, it is diagnostic. 

MRS shows a significant decrease in N-acetylas- 
partate and increase in rayo-inositol in the abnormal 
white matter, suggesting axonal damage or loss 



and gliosis, respectively. White matter choline is 
increased, too, but the increase is minor, suggesting 
mildly enhanced membrane turnover, possibly 
myelin loss. White matter lactate is elevated in almost 
all patients, but to a variable degree. Cortex spectra 
are normal. A minor increase in lactate in the cortex 
voxel is probably explained by admixture of both 
white matter and CSF in the voxel, lactate levels of up 
to 1.2 mmol/1 being normal in the CSF. 

Diffusion-weighted imaging in LBSL patients 
consistently shows high signal in the affected white 
matter on the Trace diffusion -weighted images (b val- 
ue = 1000) (Figs. 68.3 and 68.7), most prominently in 
the focal lesions, with more severe signal change on 
the conventional images (Fig. 68.7). The ADC maps 
consistently show a complicated pattern with a mix- 
ture of high and low ADC values in areas with high 
signal on the Trace diffusion-weighted images. The 
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Fig. 68.1 0. A 1 0-year-old boy with LBSL In this patient the cerebral white matter abnormalities are homogeneous. Courtesy of 
Dr. S. Blaser, Department of Diagnostic Imaging, Hospital for Sick Children,Toronto 



low ADCs are mainly seen at the border of the white 
matter abnormalities (cerebral U fibers, peripheral 
rim of the cerebellar white matter abnormalities, the 
small focal lesions). The remainder of the abnormal 
white matter has elevated ADC values. The reason for 



this is at present unknown, but it is clear that concepts 
such as vasogenic edema, cytotoxic edema, and T 2 
shine-through effects are insufficient to explain these 
observations. 



Chapter 69 



Hypomyelination with Atrophy 

of the Basal Ganglia and Cerebellum 



69.1 Clinical Features 

and Laboratory Investigations 

A distinct leuko encephalopathy has been described 
in a few patients, characterized by hypomyelination 
and atrophy of the basal ganglia and cerebellum 
(HABC), giving the disease its name. Both males and 
females are affected. It is highly likely that the disease 
is inherited. However, since all patients so far have 
been isolated cases, it is unclear whether the mode of 
inheritance is autosomal recessive, or whether it is 
autosomal dominant with all cases representing de 
novo mutations. 

The disease has its onset in infancy or early child- 
hood. The severity of the disease is highly variable. 
The most severely affected patients present soon after 
birth with poor eye contact and absence of any motor 
development. Ophthalmological examination reveals 
pale optic discs, consistent with hypomyelination of 
the optic nerves. Over the years there are signs of 
slowly progressive spasticity and extrapyramidal 
movement abnormalities including rigidity, dystonia, 
and choreoathetosis. The patients seem to have a bet- 
ter mental function than motor function and appear 
to have a social awareness. They may have some 
seizures. The severely affected patients tend to have a 
small stature and have a head circumference below 
the third percentile. Patients with intermediate sever- 
ity of disease have delayed early development, but 
achieve grasping and unsupported sitting. In the 
mildest cases the patients may have normal initial de- 
velopment and they achieve unsupported walking. In 
these patients slow deterioration becomes evident in 
early childhood with increasing spasticity, ataxia, and 
often prominent extrapyramidal movement abnor- 
malities consisting of dystonia, choreoathetosis, and 
rigidity. Some patients are predominantly spastic. 
The patients typically have learning problems, but 
further cognitive decline is at most minor. Occasion- 
al epileptic seizures may occur. Vision is normal and 
ophthalmological examination reveals no abnormali- 
ties. Height and head circumference are normal. 

Laboratory examinations, including extensive 
metabolic studies, are unrevealing. CSF neurotrans- 
mitters and neurotransmitter metabolites have been 
studied in several patients and found to be within the 
normal range. Electroretinogram is normal. Visual 
evoked responses and somatosensory evoked re- 
sponses are delayed. Brain stem auditory evoked re- 



sponses show a normal latency for waves I and II, 
whereas the later waves are delayed or not recordable. 
Motor and sensory nerve conduction velocities are 
normal. Sural nerve biopsy is unrevealing. 



69.2 Pathology 

No autopsy studies are available. 

69.3 Pathogenetic Considerations 

The disease is most likely inherited, but the mode of 
inheritance is at present unclear. The disease is char- 
acterized by a disturbance of normal development 
and degeneration. From the beginning there is a pic- 
ture of myelin deficiency. In some patients MRI sug- 
gests that there is some additional loss of myelin. 
There is progressive atrophy of the putamen, caudate 
nucleus, and cerebellum. The cerebral white matter 
also shows loss of volume over time. The putamen 
and caudate nucleus disappear without evidence of 
remaining scar tissue on MRI, suggesting atrophy by 
means of apoptosis rather than necrosis. The atrophy 
is more severe in the clinically more severely affected 
patients. 

69.4 Therapy 

At present, no specific therapy exists for patients with 
HABC. Seizures may require initiation of antiepilep- 
tic treatment. The severe extrapyramidal symptoms 
may require use of drugs also used for parkinsonism, 
including L-dopa. However, the extrapyramidal 
movement abnormalities tend to be drug-resistant. 
Some patients require intrathecal baclofen to reduce 
the serious hypertonia. 

69.5 Magnetic Resonance Imaging 

The diagnosis in HABC is MRI-based. Early MRI is 
characterized by the presence of very little myelin. In 
some patients, the putamen is already absent within 
the first year of life and the caudate nucleus is small, 
making the diagnosis of HABC possible (Fig. 69.1). 
However, in other patients the MRI within the first 
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Fig. 69.1. Girl with HABC and a severe 
phenotype.Attheageof 11 months 
{first row) the signal intensity of all 
cerebral white matter is high on the 
T 2 -weighted image {right), consistent 
with hypomyelination. The same 
image shows that the thalamus is of 
normal size and the globus pallidus is 
visible, whereas there is no putamen. 
The caudate nucleus is very small and 
lacks the normal intermediate signal 
intensity. The follow-up images at 
the age of 1 0 years {second row) show 
the atrophy of the cerebellum. The 
T 2 -weighted image {right) shows that 
the white matter still has a high signal 
and has become seriously atrophic. 
The thalamus and globus pallidus are 
of normal size but the putamen and 
caudate nucleus are not visible. 
From Van der Knaap et al. (2002), 
with permission 




Fig. 69.2. Boy with HABC and a milder 
phenotype at the age of 1 8 months 
{first row) and 6 years {second row). The 
sagittal images {left) show progressive 
cerebellar atrophy over time.The axial 
T 2 -weighted images {right) show per- 
sistent hypomyelination of the cere- 
bral white matter. Initially, the basal 
ganglia have a normal appearance, 
but on follow-up the putamen has 
disappeared. Note the normal 
thalamus and globus pallidus. 
From Van der Knaap et al. (2002), 
with permission 
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year of life shows nothing other than myelin deficien- 
cy; the putamen and caudate nucleus are still present 
(Fig. 69.2). The severity of the myelin deficit is vari- 
able. In some patients the cerebral hemispheric white 
matter has a high signal intensity on T 2 -weighted im- 
ages and a low signal intensity on T\ -weighted images 
(Fig. 69.3), indicative of serious hypomyelination. In 



other patients the white matter has a moderately high 
signal intensity on both T 2 - and T r weighted images 
(Fig. 69.4), indicative of diffuse deposition of some 
myelin (moderate hypomyelination). It is strik- 
ing that the pyramidal tracts in the brain stem are 
also hypomyelinated. Over time, the putamen disap- 
pears (Figs. 69.1-69.5). The caudate nucleus becomes 




Fig. 69.3. A 9-year-old boy with HABCThe sagittal Trweight- 
ed image {first row, left) shows the prominent cerebellar atro- 
phy. The cerebral white matter has a high signal intensity on 
the axial T 2 -weighted images {first, second, and third rows) and 
a low signal intensity on T r weighted images {fourth and 



fifth rows), consistent with a serious lack of myelin. On the 
T 2 -weighted images the thalamus and globus pallidus are nor- 
mal, whereas there is no putamen and the caudate nucleus is 
small 
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Fig. 69.3. [continued). 



smaller, disappearing in some patients (Figs. 69.1 and 
69.5). The thalamus and globus pallidus remain of 
normal size (Figs. 69.1-69.5). The cerebellum be- 
comes progressively atrophic (Figs. 69.1 and 69.3). 
The atrophy affects the vermis more seriously than 
the hemispheres. Over the years, variable atrophy of 
the cerebral white matter occurs, associated with 
variable dilatation of the lateral ventricles. In some of 
the patients, there appears to be some additional loss 
of the little myelin present (Figs. 69.4 and 69.5). The 
atrophy of cerebral white matter and the basal ganglia 
is more serious in the clinically severely affected pa- 
tients. 



The full-blown picture of hypomyelination and 
missing putamen is diagnostic of HABC and does 
not suggest any other disorder. However, for as long 
as the putamen is still visible, other disorders leading 
to hypomyelination should be considered, includ- 
ing Pelizaeus-Merzbacher disease, Salla disease, and 
DNA repair disorders. 

Proton MRS reveals that within the white matter 
total AT-acetylaspartate and choline are normal, argu- 
ing against significant neuronal/axonal loss and ac- 
tive demyelination. Myo-inositol and total creatine are 
elevated, suggesting significant white matter gliosis. 
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Fig. 69.4. 
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Fig. 69.4. {continued). A 6-year-old girl with HABC. The cere- 
bral white matter has a high signal intensity on the axial {first 
and second rows) and coronal {third row) T 2 -weighted images 
and an intermediate to high signal intensity on "IVweighted 
images {fourth and fifth rows), consistent with moderate hy- 
pomyelination. The middle cerebellar peduncles and the cere- 



bellar white matter are also insufficiently myelinated. The 
T 2 -weighted images show a normal thalamus and globus pal- 
lidum whereas there is no putamen and the caudate nucleus is 
very small. Courtesy of Dr. S. Blaser, Department of Diagnostic 
Imaging, Hospital for Sick Children,Toronto, Canada 
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Fig. 69.5. The same girl as in Fig. 69.4, now 8 years old. She is 
clinically deteriorating. The "I"] -weighted images {first and sec- 
ond rows) show white matter atrophy and loss of myelin. The 
coronal T 2 -weighted images {third row) show that the caudate 



nucleus is no longer visible. Courtesy of Dr. S. Blaser, Depart- 
ment of Diagnostic Imaging, Hospital for Sick Children,Toron- 
to, Canada 



Chapter 70 



Hereditary Diffuse Leukoencephalopathy 
with Neuroaxonal Spheroids 



70.1 Clinical Features 

and Laboratory Investigations 

Hereditary diffuse leukoencephalopathy with spher- 
oids (HDLS) is an autosomal dominant progressive 
disease. The disease was described for the first time in 
multiple members of a large Swedish pedigree in 1984 
(Axelsson et al. 1984). In this family, 17 of 71 subjects 
from 4 generations were affected. The age at onset 
varied from 8 to 60 years, with a mean of 36 years. 
The age at death was 39 to 89 years, with a mean of 
57 years. The time between onset and death varied 
from 3 months to over 30 years. Some patients rapid- 
ly developed severe dementia and died within a 
few months of the onset of symptoms, whereas in oth- 
ers the course was prolonged with dementia develop- 
ing over decades. Sporadic cases have also been re- 
ported. 

The predominant clinical manifestations are 
psychiatric and include depression, anxiety, alcohol 
abuse, irritability, and aggressiveness. Psychotic 
symptoms may occur with confusion, delusions, 
and hallucinations. The most frequent neurological 
symptoms are dementia, seizures, impaired balance, 
retropulsion, gait apraxia, spasticity, ataxia, and uri- 
nary incontinence. Extrapyramidal symptoms may 
occur with hyperkinesia, chorea, tremor, and oral 
dyskinesia. 

EEG usually shows nonspecific abnormalities with 
slowing of the background pattern and sometimes 
paroxysmal changes. The abnormalities often have a 
frontotemporal predominance. They may be asym- 
metrical. Routine and metabolic laboratory investiga- 
tions reveal no abnormalities. The diagnosis is at pre- 
sent based on histopathological findings. 



70.2 Pathology 

External examination of the brain shows mild atro- 
phy of the frontoparietal regions. The thalamus and 
the rostral part of the caudate nucleus may be mildly 
reduced in size. The lateral ventricles are moderately 
enlarged. The corticospinal tracts and the basis of 
the pons are atrophic. On microscopy, a widespread 
leukoencephalopathy is found, characterized by a 
commensurate loss of myelin sheaths and axons and 
the presence of numerous neuroaxonal spheroids in 



the affected white matter. Neuroaxonal spheroids are 
round to sausage-shaped axonal swellings, which are 
easily identified with Bielschowsky, Bodian, and anti- 
neurofilament immunostains. The leukoencephalo- 
pathy is most severe in the frontal, frontoparietal, and 
temporal areas and may be mildly asymmetrical. The 
U fibers are relatively spared. The abnormalities tend 
to be most pronounced in the white matter below the 
pre- and postcentral gyri and extend through the pos- 
terior limb of the internal capsule into the pyramidal 
tracts of the brain stem. The corpus callosum is vari- 
ably affected. The abnormal white matter may show 
vacuolization. Reactive astrocytes and macrophages 
are present, but no inflammatory cells. The cerebral 
cortex and basal ganglia are normal and contain no or 
only a few spheroids. Within the cerebellum, a marked 
loss of Purkinje cells is seen, but the cerebellar white 
matter is normal. Electron microscopy of the spher- 
oids reveals neurofilaments scattered among elec- 
tron-dense material and mitochondria. 



70.3 Pathogenetic Considerations 

The homogeneity of the clinical picture and histo- 
pathological findings strongly suggests that HDLS is 
a distinct disease entity. The disease has an autosomal 
dominant mode of inheritance. Isolated cases are 
probably the result of new mutations. The genetic de- 
fect and the pathophysiology of HDSL are as yet un- 
resolved. Considering the more or less commensurate 
loss of axons and myelin sheaths, the preferential in- 
volvement of long tracts, and the presence of axonal 
swellings, it is likely that axons are the primary target 
of the disease. 

Axonal spheroids are pathological findings char- 
acteristic of the neuroaxonal dystrophies. They occur 
most often in the context of neuronal degenerative 
disorders, such as infantile neuroaxonal dystrophy 
(Seitelberger disease) and Hallervorden-Spatz dis- 
ease. The combination of leukoencephalopathy and 
neuroaxonal spheroids in the abnormal white matter 
is rare. Apart from HDSL, this combination is ob- 
served in dermatoleuko dystrophy with neuroaxonal 
spheroids (Matsuyama et al. 1978) and polycystic 
lipomembranous osteodysplasia with sclerosing 
leukoencephalopathy (Nasu-Hakola disease). Both 
disorders are clinically different from HDLS. 
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70.4 Therapy 

Supportive care is the only therapeutic option. 

70.5 Magnetic Resonance Imaging 

MR images demonstrate signal abnormalities bilater- 
ally within the cerebral white matter, most pro- 
nounced either within the white matter under the 
pre- and postcentral gyri (Figs. 70.1-70.3) or within 
the frontal white matter. The signal abnormalities 
may be patchy or more confluent, and may be sym- 
metrical or asymmetrical. They are ill-defined. The 
corpus callosum is thin and may contain areas of ab- 
normal signal. The signal abnormalities extend 
downwards through the posterior limb of the internal 
capsule into the pyramidal tracts of the brain stem 
(Fig. 70.1). The affected cerebral white matter is 
atrophic with widening of the lateral ventricles and 
subarachnoid spaces (Figs. 70.1-70.3). The head of 



the caudate nucleus may be flattened. There may be 
cerebellar atrophy. 

The above MRI findings may confirm the diagno- 
sis within a pedigree with known HDLS. However, the 
MRI findings in themselves are not specific and do 
not allow a definite diagnosis. The diagnosis needs to 
be confirmed by histopathology. 

The differential diagnosis of HDLS includes disor- 
ders with frontal cortical degeneration, such as fron- 
totemporal dementia and Pick disease. In these disor- 
ders MRI shows atrophy mainly of the frontotempo- 
ral areas. Sometimes there are additional white mat- 
ter changes, which are ill-defined and usually mild. If 
present, they make differentiation from HDLS diffi- 
cult. 

The differential diagnosis also includes disorders 
with frontal lobe dysfunction caused by white matter 
degeneration, such as metachromatic leukodystro- 
phy, X-linked adrenoleuko dystrophy with frontal pre- 
dominance, Nasu-Hakola disease, Binswanger dis- 
ease, CADASIL, orthochromatic pigmentary leukody- 




Fig. 70.1. A 26-year-old female patient with HDSL This 
diagnosis was confirmed histopathologically in her father 
(Fig. 70.2). Note the patchy and asymmetrical abnormalities in 
the white matter under the central sulcus. The abnormalities 



extend downwards into the posterior limb of the internal cap- 
sule and the pyramidal tracts in the midbrain. There is a mild 
cerebral atrophy. From van der Knaap et al. (2000), with permis- 
sion 
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Fig. 70.2. A 55-year-old man with HDSL, father of the patient 
in Fig. 70.1. The diagnosis was confirmed at autopsy. There is 
serious cerebral atrophy. The white matter abnormalities are 
most prominent in the tracts under the pericentral cortex. 



They are partially confluent, partially multifocal. The abnormal- 
ities extend downwards into the posterior limb of the internal 
capsule. From van der Knaap et al. (2000), with permission 



strophy, and adult-onset autosomal dominant leuko- 
dystrophies. Most disorders can be ruled out by typi- 
cal clinical, physical, and laboratory findings and 
neuroimaging differences. Some disorders require 
histopathological confirmation. 
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Fig. 70.3. A 38-year-old woman with HDLS.The diagnosis was 
confirmed at autopsy. There is prominent cerebral atrophy. 
There are patchy, multifocal abnormalities in the cerebral 



white matter, most prominently in the central tracts. From van 
der Knaap et al. (2000), with permission 



Chapter 71 

Dentatorubropallidoluysian Atrophy 



71.1 Clinical Features 

and Laboratory Investigations 

Dentatorubropallidoluysian atrophy (DRPLA) is a 
rare disease with an autosomal dominant mode of 
inheritance. The disease has a pronounced ethnic 
predilection and occurs most frequently in Japan. 
However, an increasing number of American and Eu- 
ropean patients have been described. Although spo- 
radic cases have been reported, nearly all cases are fa- 
milial with two or more successive generations affect- 
ed. There is evidence of anticipation: in the next gen- 
eration the disease tends to have an earlier onset and 
be more severe. 

The presenting symptoms are a variable mixture of 
cerebellar ataxia, myoclonus, epilepsy, choreoatheto- 
sis, dementia, and psychiatric abnormalities. The age 
at onset ranges from the first to the sixth decade, with 
an average age of 32 years. In the early-onset forms 
progressive myoclonic epilepsy and dementia are the 
predominant symptoms, whereas in the patients with 
later onset progressive cerebellar ataxia and choreo- 
athetosis are more prominent. Among the older pa- 
tients two clinical presentations can be distinguished: 
a pseudo-Huntington form with prominent choreoa- 
thetosis, cognitive dysfunction, and psychiatric syn- 
dromes, and a form with progressive ataxia with less 
severe cognitive impairment. 

In the younger group of patients, DRPLA has to be 
distinguished from other diseases with progressive 
myoclonic epilepsy, such as neuronal ceroid lipofusci- 
nosis, sialidosis, myoclonus epilepsy with red ragged 
fibers (MERRF), and Unverricht disease. In the older 
patients DRPLA has to be distinguished from Hunt- 
ington disease, which may have a very similar clinical 
presentation. Laboratory investigations are unreveal- 
ing in DRPLA, but DNA confirmation is possible. 



71.2 Pathology 

There are some variations in the histopathological 
findings between different families. Most data on 
histopathology in DPRLA come from Japanese pa- 
tients, in whom histopathological findings are the 
most uniform. On gross inspection there may be 
some atrophy of the base of the pons and the cerebel- 
lar vermis. The principal histopathological alter- 
ations consist of severe neuronal cell loss and astrocy- 



tosis in the globus pallidus, subthalamic nucleus, red 
nucleus, and dentate nucleus. Mild changes occur in 
the caudate nucleus, putamen, thalamus, and inferior 
olives. There is only subtle involvement of the sub- 
stantia nigra. The superior cerebellar peduncles, con- 
taining the outflow tracts of the dentate nuclei, are at- 
rophic. The base of the pons and the tegmentum of 
the midbrain and pons display variable atrophy. 
Unlike findings in other dementias, there is no signif- 
icant cell loss in the nucleus basalis of Meynert. 
Immunohistochemistry demonstrates the presence 
of ubiquin-positive intranuclear aggregates in neu- 
rons and also astroglia. In addition, filamentous 
ubiquinated intracytoplasmic inclusions may be 
found in neurons of affected structures. 

In younger patients patchy periventricular white 
matter abnormalities are found, whereas in older pa- 
tients the white matter abnormalities are more con- 
fluent and symmetrical, and affect the deep white 
matter of the centrum semiovale. Microscopy reveals 
gliosis and demyelination in the affected areas. Occa- 
sionally the cerebellar white matter is involved. In- 
tranuclear aggregates have been demonstrated in 
oligodendrocytes within the affected white matter. 

Spinal cord involvement has been reported, with 
degeneration of the posterior columns, spinocerebel- 
lar tracts, corticospinal tracts, and anterior horn cells. 

In the Haw River variant of the disease, marked 
neuronal loss of the dentate nuclei, micro calcification 
of the globus pallidus, neuroaxonal dystrophy of the 
nucleus gracilis, and demyelination of the centrum 
semiovale have been found. 



71 .3 Pathogenetic Considerations 

DRPLA is caused by an unstable expansion of a cyto- 
sine-adenine-guanine (CAG) repeat in the gene 
DRPLA, located on chromosome 12p 13.31. The prod- 
uct of DRPLA is atrophin-1, a protein that is widely 
expressed in many tissues including the brain. It 
shares no homology with other known proteins. Ex- 
pansion of the CAG repeat in the DRPLA gene in nor- 
mal subjects ranges from 10 to 21, in patients from 
58 to 82. No overlap has been reported between nor- 
mal alleles and mutant alleles. 

In the brain atrophin-1 is located in the cytoplasm 
of neurons. In DPRLA subjects both expanded and 
normal alleles are detectable in the brain, with re- 
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gional variation. Atrophin-1 has been immunocyto- 
chemically localized to somatic and somatodendritic 
compartments of cortical and cerebellar neurons. In 
the cerebellum the protein is especially abundant in 
Purkinje cells and neurons of the dentate nucleus. 

The unstable CAG repeat encodes for a polygluta- 
mine repeat. Polyglutamine repeats also occur in my- 
otonic dystrophy, fragile X syndromes, spinobulbar 
muscular atrophy (Kennedy disease), Huntington dis- 
ease, spinocerebellar ataxia type 1 (SCA1), spinocere- 
bellar ataxia type 2 (SCA2), Machado-Joseph disease 
(SCA3) and spinocerebellar ataxia type 7 (SCA7). The 
number of repeats clearly influences the phenotypic 
expression. As in other trinucleotide repeat syn- 
dromes, the number of repeats increases with succes- 
sive generations. This leads to an earlier onset and 
worsening of the phenotype in every following gener- 
ation, a phenomenon referred to as "anticipation." In 
the patients presenting with progressive myoclonic 
epilepsy end dementia (early presentation) the num- 
ber of repeats is much higher than in the patients 
without the progressive myoclonic epilepsy (late pre- 
sentation). 

The molecular basis for the selective neuronal 
damage in dentatorubropallidoluysian atrophy is not 
yet fully understood. Misfolding and conformational 
alterations of the mutant protein due to polygluta- 
mine expansion may lead to aberrant protein-protein 
interactions and targeting of the misfolded proteins 
for degradation. Ubiquination of proteins in the ag- 
gregates indicates targeting for degradation. Protein 
aggregation is probably a critical molecular compo- 
nent of polyglutamine diseases. These aggregates are 
present as nuclear inclusions in the neurons selective- 
ly affected by the disease. Transglutaminases appear 
to play a role in the formation of the protein aggre- 
gates. Transglutaminases are a large family of pro- 
teins with the common capacity to catalyze cross- 
linking of protein substrates, resulting in the forma- 
tion of large protein aggregates that are insoluble to 
all known protein detergents. These aggregates may 
contribute to neuronal dysfunction and degenera- 
tion. It may also be that mutant proteins are most tox- 
ic when roaming freely and that the aggregates repre- 
sent the celPs effort to convert the toxic proteins into 
more innocuous clumps. The differences in clinical 
expression and cell specificity of the affected neurons 
in the different polyglutamine disorders could be re- 
lated to different factors, including the cellular distri- 
bution of the polyglutamine protein, protein interac- 
tors, and cell specificity of certain modifying pro- 
teins. The latter group may include cell-specific trans- 
glutaminases and cysteine proteases. 

Nuclear inclusions were previously considered to 
be a feature specific to neuronal degenerative dis- 



eases, but recently histopathological studies have 
shown nuclear inclusions in oligodendrocytes of 
DRPLA patients as well. In transgenic DRPLA mice, 
too, oligodendrocytes demonstrated the same inclu- 
sions. Apparently not only neurons but also glial cells 
are affected in DRPLA. It is probable that oligoden- 
droglial involvement is responsible for the white 
matter abnormalities that may be observed in DRPLA 
patients. 



71.4 Therapy 

No causal treatment is available, but symptomatic care 
is important. Anticonvulsants should be used when 
seizures are present. Psychiatric problems can be 
treated with appropriate psychotropic medications. 



71.5 Magnetic Resonance Imaging 

Standard sequences usually suffice to make an inven- 
tory of the abnormalities in DPRLA. Sophisticated 
techniques as diffusion tensor imaging may be useful 
to identify involved tracts, as may be fiber tracking. 
Gradient echo techniques may be useful in the detec- 
tion of calcifications. 

The characteristic findings on conventional MR 
include atrophy of the tegmentum of the midbrain, 
pons, dentate nucleus, superior cerebellar peduncles, 
and cerebellum (Figs. 71.1 and 71.2). The lateral 
ventricles show moderate to severe enlargement and 
commonly there is moderate but clear cortical atro- 
phy. The globus pallidus and subthalamic nucleus are 
usually either normal or slightly atrophic on MRI. 
High signal intensity of the globus pallidus on pro- 
ton-density and T 2 -weighted images is often present 
from early on (Figs. 71.1-71.3). Bilateral symmetric 
signal changes in the thalamus and abnormal signal 
intensity in the midbrain and pons are characteristic 
(Figs. 71.1-71.3). The red nucleus characteristically 
has normal signal (Fig. 71.2). In older patients there is 
an increase of lesions in the midbrain and thalamus. 

Although not invariable, white matter abnormali- 
ties are characteristically present in patients with 
DRPLA. In younger patients patchy periventricular 
areas with high signal intensity may be found on T 2 - 
weighted, proton-density, and FLAIR images. Conflu- 
ent white matter abnormalities are found in older pa- 
tients with a diffuse increase in signal in the periven- 
tricular and deep white matter, only sparing most of 
the U fibers (Figs. 71.1-71.3). The pattern of cerebral 
white matter abnormalities in combination with sig- 
nal changes in the globus pallidus, thalamus, and 
brain stem is typical of an advanced stage of DRPLA. 
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Fig. 71.1. A 73-year-old female patient with DRPLA.The mid- 
brain, pons, and cerebellum are atrophic. There is also some 
cerebral atrophy. There are diffuse signal abnormalities in the 
cerebral hemispheric white matter with partial sparing of the 



U fibers and the corpus callosum. Note the signal abnormali- 
ties in the globus pallidus,thalamus, midbrain, and pons. From 
Uyama et al. (1 995), with permission 
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Fig. 71 .2. A 60-year-old female patient with DRPLA.The sagit- 
tal and axial FLAIR images reveal extensive signal abnormali- 
ties in the cerebral white matter with partial sparing of the U 
fibers. The inner rim of the corpus callosum shows an abnor- 
mal signal. There are additional signal abnormalities in the 



caudate nucleus, globus pallidus, putamen, thalamus, mid- 
brain, tegmentum of the pons, and dorsal part of the medulla. 
The red nuclei are spared. Note the atrophy of the cerebellum, 
pons and superior cerebellar peduncles. From Yoshii et al. 
(1998), with permission 
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Fig. 71 .3. A 68-year-old female patient with DRPLA. Note the sum and some of the U fibers.There are also signal abnormal- 
evident pontine and cerebellar atrophy. There are extensive ities in the globus pallidus,thalamus,midbrain,and pons.From 
cerebral white matter abnormalities, sparing the corpus callo- Uyama et al. (1 995), with permission 



Chapter 72 

Cerebral Amyloid Angiopathy 



72.1 Clinical and Laboratory Findings 

Cerebral amyloid angiopathy (CAA) was recognized 
as a disease entity at the beginning of the twentieth 
century. The first reports appeared in the German lit- 
erature in 1907 and 1909. In 1935 a familial form of 
this disease was reported from Iceland, later followed 
by the description of a Dutch family (1964), a Flemish 
variant (1992), and a British type (1996). In the latter 
variant hemorrhage is not a prominent feature, as it is 
in the Icelandic and Dutch type. Apart from the famil- 
ial forms, there are also sporadic forms. 

The classic presentation of CAA is lobar hemor- 
rhage, often multiple, associated with an acute neuro- 
logical presentation. CAA is responsible for 5-20% of 
nontraumatic cerebral hemorrhages and 30% of lo- 
bar hemorrhages. The most frequent locations are: 
frontal (35%), parietal (26%), temporal (14%), and 
occipital (19%). Cerebellar and basal ganglia hemor- 
rhages are infrequent; brain stem hemorrhages are 
extremely rare. Sporadic CAA may present with a va- 
riety of symptoms other than lobar hemorrhage. 
There may be petechial hemorrhages in cortical and 
subcortical areas and these may produce either recur- 
rent transient neurological symptoms or rapidly pro- 
gressive dementia. Dementia is estimated to occur in 
about 40% of patients with CAA. The progression of 
dementia is as a rule much faster than in Alzheimer 
disease. 

The familial forms of CAA have an autosomal 
dominant inheritance. There are differences in pre- 
sentation between the affected families. The Icelandic 
form presents in the third decade with multiple in- 
tracerebral hemorrhages and infarctions. The disease 
progresses rapidly to dementia, paralysis, and early 
death. The Dutch form has a later onset, in the fourth 
to fifth decade of life. Chronic migrainous headache, 
as in CADASIL, may precede the onset by years. The 
presenting symptom is most often intracerebral 
hemorrhage, sometimes ischemic strokes. Neuro- 
psychiatric symptoms and dementia are constant 
features. The Flemish variant presents with intracere- 
bral hemorrhage and dementia. The British variant 
shows progressive dementia, spasticity, and ataxia 
(Worster-Drought syndrome). In this form the entire 
CNS is involved, including cerebral white matter, cere- 
bellum, brain stem, and spinal cord. Hemorrhage is 
not prominent. Other families from Japan, Italy, and 
North America have been reported with oculo- 



leptomeningeal amyloidosis. They vary in presenta- 
tion but dementia, hemiplegic migraine, spasticity, 
blindness, and deafness are usually present. These 
patients have amyloid deposition in the vitreous and 
retinal vessels, leptomeningeal vessels, and other 
organs. 

The incidence of sporadic CAA increases with age. 
The differentiation from other conditions with small 
vessel disease maybe difficult. There is a relationship 
with sporadic Alzheimer disease. Amyloid deposition 
in vessel walls is also a factor of importance in spo- 
radic and familial forms of Alzheimer disease. CAA is 
found in 92% of postmortem studies of brains of pa- 
tients with Alzheimer disease. Amyloid deposition is 
accepted as one of the hallmarks of Alzheimer dis- 
ease. CAA, however, can occur without any other sign 
of Alzheimer disease, and Alzheimer disease can 
occur without CAA. If CAA is present there is risk of 
lobar hemorrhage. There is no obvious relation with 
the occurrence, location, and severity of neuritic 
plaques or neurofibrillary tangles. 

Apart from a relationship with Alzheimer disease, 
CAA is reported to occur in transmissible spongiform 
encephalopathies (prion diseases), especially in Ger- 
stmann-Straussler-Scheinker disease, and, less com- 
monly, in Creutzfeldt-Jakob disease; in malignant 
neoplasms treated with irradiation, parkinsonism- 
dementia complex of Guam, and dementia pugilisti- 
ca. A few cases of primary angiitis of the CNS have 
been reported in combination with CAA. 

Routine laboratory tests are unrevealing. The diag- 
nosis of CAA should be suspected on the basis of typ- 
ical clinical and neuroimaging findings. The diagno- 
sis may be confirmed by a leptomeningeal biopsy, but 
this is only done in exceptional cases. In familial CAA 
histological confirmation in one patient is necessary, 
whereas in other affected family members suggestive 
clinical and neuroimaging findings suffice for a diag- 
nosis. The Boston group for research of CAA has 
come up with criteria for the diagnosis of CAA-relat- 
ed hemorrhage (see Knudsen et al. 2001). Patients 
fulfilling these criteria, however, have a hemorrhage, 
so that patients without hemorrhage are excluded. 
The MR criteria mentioned in this set of criteria also 
do not specify the mandatory inclusion of gradient 
echo techniques, which would help to identify pa- 
tients with and without hemorrhages with CAA, 
in addition to being helpful to demonstrate other 
possible causes. 
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72.2 Pathology 

Gross inspection of brain sections reveals a combina- 
tion of larger and smaller hemorrhages, most often in 
the cortex and subcortical regions; small infarctions, 
mainly affecting the cerebral cortex; and extensive 
white matter abnormalities, mainly involving the 
deep and periventricular white matter, usually spar- 
ing the U fibers. Lacunae may also be present in the 
basal ganglia. Ventricular dilatation is usually also 
present. 

On microscopic examination the lesions in the 
white matter consist of patchy gliosis and myelin loss, 
the latter in particular in the parieto-occipital areas. 
U fibers, corpus callosum, internal capsule, and optic 
radiation are usually spared. Perivascular spaces are 
enlarged and contain mononuclear cells and hemo- 
siderin-laden macrophages. Around the ventricles 
Rosenthal fibers may be found. 

The most striking finding in CAA is that smooth 
muscle in the vessel wall of small blood vessels is 
replaced by a hyaline, eosinophilic material. The de- 
posits stain with Congo red, hence the name "con- 
gophilic angiopathy." The term "amyloid" is applied to 
a number of proteins sharing the property of Congo 
red staining, which then exhibits green birefringence 
under polarized light. This latter property is depen- 
dent upon the configuration of a twisted p -pleated 
sheet. This is a feature of amyloid laid down under 
different circumstances and in different organs of the 
body, which, despite identical staining properties, 
may have different amino acid sequences in the con- 
stituent polypeptide chains. Specific antibodies 
against amyloid p peptide (Ap), cystatin C, and thyre- 
ostatin can be used for immunohisto chemical char- 
acterization. It is of interest that in patients with a 
combination of CAA and Alzheimer disease the de- 
posits in the vessel wall are immunoreactive with 
both anti-Ap and anti-cystatin C. Fibrinoid necrosis 
and hyaline changes in vessel walls are usually also 
present in sporadic cases of CAA and larger cortical 
vessels are often thrombosed. Ultrastructurally, amy- 
loid fibrils in blood vessels appear as interwoven bun- 
dles of 10-nm filaments, short and disarranged. In 
early CAA only the outer part of the vessel wall is 
involved, but when the deposits become larger, they 
occupy the abluminal part of the basement mem- 
brane and adjacent smooth muscle cells show degen- 
erative features. When severely affected, the walls of 
blood vessels may be replaced entirely by bundles of 
fibrils with loss of smooth muscle cells and with radi- 
ation of fibrils into the surrounding neuropil. 



72.3 Pathogenetic Considerations 

The central biochemical event in the pathophysiology 
of CAA is the polymerization of soluble subunit pro- 
teins into insoluble amyloid fibrils. Several different 
forms of amyloid subunit proteins are deposited in 
the vasculature leading to amyloid angiopathy, 
including Ap protein, cystatin C, transthyretin, and 
gelsolin. 

Ap protein is a hydrophobic, nonglycosylated pep- 
tide of 39-43 amino acids. Ap protein is derived from 
the amyloid precursor protein (APP) encoded by the 
gene APP located on chromosome 2 1 q22. 1 . APP is one 
of the genes for familial Alzheimer disease, AD1. In 
sporadic CAA, CAA with sporadic Alzheimer disease, 
familial Alzheimer disease, Down syndrome, and the 
Dutch type of CAA, the vascular amyloid is composed 
of Ap protein subunits. Subtle differences exist be- 
tween the vascular amyloid in CAA and amyloid 
parenchymal deposits, such as in amyloid plaques in 
Alzheimer disease. Vascular amyloid is composed 
mainly of the 39-amino-acid Ap species, plaque amy- 
loid predominantly of a 42-amino-acid Ap species. 
Different point mutations in APP, causing an amino 
acid substitution in the Ap protein, have been found 
in the Dutch type of hereditary cerebral hemorrhage 
with amyloidosis (HCHWA-D) and in Italian families 
with similar clinicopathological findings to those in 
HCHWA-D. 

Additionally, the 84 allele (apoEe4) of apolipopro- 
tein E (apoE) is a risk factor for CAA and Alzheimer 
disease and the zl allele has been linked to greater 
risk of CAA and cerebral hemorrhage. The mecha- 
nism underlying this increased risk is not completely 
clear, but there is increasing evidence that the ability 
of apoE to interact with Ap and influence its confor- 
mation and clearance plays a major role. ApoE ap- 
pears critically involved in the conversion of Ap into 
forms which have a high p~ sheet content with associ- 
ated cellular toxicity. 

In the Icelandic form of CAA, HCHWA-I, the vas- 
cular amyloid is composed of a mutated form of cys- 
tatin C, a cysteine proteinase inhibitor, playing a role 
in intracellular catabolism of peptides and proteins. 
Cystatin C is encoded by the gene CST3, located on 
chromosome 20pll.2. 

In the familial oculo-leptomeningeal amyloidoses 
the vascular amyloid is transthyretin, a prealbumin 
that is also present in hereditary peripheral amyloi- 
doses. Transthyretin is an amino acid residue carrier 
protein for thyroid hormone and retinol binding 
protein in plasma and CSF. The gene encoding 
transthyretin is TTR, located on chromosome 
18ql2.1. In CAA related to transthyretin most of the 
families (Japan, Portugal) have an association with 
the same point mutation in TTR y but other mutations 
have also been reported. 
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In the British form of CAA a novel 4-kDa protein 
fragment called amyloid-bri (ABri) was identified in 
isolated amyloid fibrils. ABri is a fragment of a pre- 
cursor protein (BriPP), a putative type II single-span- 
ning transmembrane precursor that is encoded by the 
gene BRI, located on chromosome 13. A mutation in 
the stop codon of this gene generates a longer open 
reading frame, resulting in a larger, 277-amino-acid 
protein, whereas the wild-type protein is 266 amino 
acids. Cleavage of 34 amino acids at the C-terminal 
end of the extended protein generates the amyloido- 
genic fragment, ABri. 

The Finnish, gelsolin-related type of CAA is noted 
worldwide in relatives carrying the same mutation in 
the gelsolin gene on chromosome 9. 

Amyloidosis is a phenomenon in which native 
globular proteins form long fibrils with a characteris- 
tic three-dimensional structure. Although emerging 
from different proteins, amyloid fibrils show a com- 
mon X-ray diffraction pattern, indicative of a cross- p 
structure, where the p-sheets run parallel to the fibril 
axis and the p-strands forming the sheets are perpen- 
dicular to this axis. Well studied amyloidogenic pro- 
teins include the Ap protein. The tendency to self-ag- 
gregate into insoluble fibrils is stronger in Ap 42 frag- 
ments of APP than in Ap 39 or Ap 40 fragments. Fac- 
tors promoting in vivo A p -amyloid formation are: 

• Overproduction, increased levels of APP (in gene 
overdose and trisomy 21) 

• A highly amyloidogenic sequence (as in the codon 
693 mutation of the Dutch variant of CAA) 

• Altered proteolysis of APP (as in familial 
Alzheimer disease due to codon 692 mutation) 

• A seeding nucleation event, analogous to seeding 
in crystal formation 

• Time/patient age 

Many theories describe the detailed process of amy- 
loid deposition in the parenchyma or the vessel wall. 
In Alzheimer disease the amyloid cascade is a good 
example. It describes the stepwise progression in the 
deposition of amyloid in Alzheimer disease, starting 
with either the genetic influence of the APP or prese- 
nilin 1 and 2 genes, or the failure of clearance of Ap 
because of the apoEe4 allele, increasing the Ap42 lev- 
els, followed by oligomerization of Ap42 in limbic and 
association cortices, with gradual deposition of Ap42 
oligomers, activation of microglia, complement, as- 
trocytes, altering neuronal ionic homeostasis, leading 
to oxidative injury, production of changes in tau pro- 
teins, and formation of tangles and plaques, leading 
to neuronal dysfunction, dementia, and death. Other 
theories try to explain why vascular amyloidosis in 
the absence of other risk factors leads to hemorrhage, 
an important feature in CAA. One of these theories 
suggests a cascade starting with amyloid deposition 
in the media and adventitia of cortical arteries, lead- 



ing to loss of smooth muscle cells of the media, fol- 
lowed by vascular dilatation, spindle-shaped microan- 
eurysms, intimal thickening with thinning and dis- 
ruption of media and adventitia, changes in vascular 
permeability, invasion of plasma components into the 
vascular wall (fibrinoid necrosis), possible additional 
factors (e.g., hypertension, Ap-induced production 
of superoxide free radicals from endothelial cells), 
activation of fibrinolytic systems by Ap, infiltration of 
inflammatory cells with production of cytokines, and 
the ApoEe2 allele), ending in hemorrhage. 

The frequency of sporadic congophilic angiopathy 
in the normal aging subject is variable. In patients 
over the age of 60 years presenting with lobar hemor- 
rhage, the incidence is high. In stroke patients, too, 
with the proper techniques, MRI detects microhem- 
orrhages in more than 20 % of patients. In individuals 
without hemorrhage or other clinical symptoms, the 
percentages in population studies differ. There is little 
evidence of the disorder under the age of 60. In the 
population over 60 years of age there is evidence of 
congophilic angiopathy in about 30 % of individuals. 
In normal aging the changes are usually mild and 
limited to the cerebral cortex, most often in the pari- 
eto-occipital region. The presence of microhemor- 
rhages in a high percentage of normal aging people 
can induce false positives when brain biopsies are 
considered to obtain a histological diagnosis. 



72.4 Therapy 

There is no effective treatment for the underlying dis- 
ease process of CAA. Once a patient is diagnosed with 
CAA, measures can be taken to prevent brain hemor- 
rhage as much as possible. High blood pressure 
should be treated. Blood thinners such as Coumadin 
(warfarin), antiplatelet agents such as aspirin, or 
medications designed to dissolve blood clots may 
cause hemorrhage in patients with CAA, and should 
be avoided if possible. If these medications are re- 
quired for other conditions, such as heart disease, the 
potential benefits must be carefully weighed against 
the increased risks. Seizures should be treated with 
antiepileptic drugs, although some drugs should be 
avoided because of their antiplatelet effect. Once a he- 
morrhage has occurred, supportive and symptomatic 
medical care is important. Sometimes neurosurgical 
intervention is necessary to reduce the pressure with- 
in the brain. 



72.5 Magnetic Resonance Imaging 

In patients presenting with an intracerebral hemor- 
rhage, both CT and MRI will show the hemor- 
rhage^), together with its secondary effects, such as 
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Fig. 72.1 . A 54-year-old female with a familial history of amy- 
loid angiopathy. The first row demonstrates T^weighted 
parasagittal images of the left hemisphere with a parietal 
lobar hemorrhage. The second and third rows represent 
T 2 *- (GE-)weighted images revealing smaller and larger spots 



of very low signal intensity, dispersed throughout the brain. 
The low signal intensity is caused by hemosiderin residues of 
microhemorrhages. The combination of lobar hemorrhage 
with multiple spot-like microhemorrhages is characteristic 
ofCAA 



Fig. 72.2. Transverse FLAIR images of a 72-year-old man with 
slowly progressive cognitive deterioration {first and second 
rows). The images show slightly asymmetrical confluent areas 
of hyperintensity in the deep and periventricular white matter, 
in some places extending into the U fibers. The underlying 



cause of the white matter changes is not evident from these 
images.The images made with aT 2 *-weighted sequence {third 
and fourth rows) reveal multiple spots with very low signal 
intensity, representing microhemorrhages.These images sug- 
gest that the patient is suffering from a sporadic form of CAA 
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Fig. 72.2. 
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mass effect worsened by edema, imminent tentorial 
herniation, hydrocephalus, and breakthrough of 
blood into the ventricles and subarachnoid space. The 
location of the hemorrhage(s) is important: CAA he- 
morrhages are mainly lobar and predominantly in 
the parieto-occipital region (Fig. 72.1), in contrast to 
hypertension-related and aneurysm-related hemor- 
rhages. In CAA hemorrhages in the brain stem and 
posterior fossa are rare. Especially cases with multiple 
hemorrhages are suspect for CAA, more so in the 
absence of vascular risk factors. In addition to hemor- 
rhages MRI will show infarctions, when present, in 
more detail than CT. Lacunar infarctions will be seen 
best on FLAIR images, where they appear as black 
dots with a bright rim. In nearly all cases MRI will 
show extensive white matter abnormalities in the 
periventricular and deep white matter, but sparing 
the U fibers, with confluent and isolated lesions which 
are not necessarily symmetrical in distribution. 
There are often lesions in the basal ganglia; some- 



times there is involvement of the midbrain and pons, 
and occasionally there is a lesion in the cerebellum. 

The usual work-up for hemorrhages in the brain 
should be performed, including MR angiography, 
preferably phase contrast angiography when blood 
is present, and contrast administration to exclude 
metastases or arteriovenous malformations. The 
most important and mandatory MR sequence in cas- 
es of CAA is a gradient echo pulse sequence, because 
of its sensitivity to changes in magnetic susceptibility 
(Figs. 72.1 and 72.2). These T 2 * -weighted images may 
show multiple residues of petechial hemorrhages 
all through the brain (Figs. 72.1 and 72.2). This fea- 
ture may be seen, however, in numerous disorders 
involving small vessels, such as hypertensive en- 
cephalopathy, vasculitides, atherosclerosis, CADASIL, 
or Rendu-Osler disease, and may be mimicked by 
multiple melanoma metastases. They are also present 
in a considerable percentage of normal aging individ- 
uals. 



Chapter 73 



Cerebral Autosomal Dominant Arteriopathy 

with Subcortical Infarcts and Leukoencephalopathy 



73.1 Clinical Features 

and Laboratory Findings 

The acronym CADASIL stands for cerebral autosomal 
dominant arteriopathy with subcortical infarcts and 
Zeukoencephalopathy. This disease was formerly 
known as familial Binswanger disease or hereditary 
multi- infarct dementia. Although it was initially 
thought to be a rare disease, many families with 
CADASIL have now been reported worldwide. 
CADASIL is the most common hereditary form of 
stroke leading to progressive dementia. 

The clinical picture is dominated by recurrent sub- 
cortical ischemic infarctions, beginning somewhere 
between 40 and 60 years, or occasionally at a younger 
age. There is usually a striking absence of vascular 
risk factors: there is no history of hypertension, no 
hypercholesterolemia, and no hyperhomocysteine- 
mia. Migrainous headaches and psychiatric symp- 
toms are frequent. They are often the initial symp- 
toms and may precede other symptoms of the disease 
for many years. The neurological symptoms progress 
over months to years, most often in a step-like fash- 
ion, and may worsen in the second decade after onset. 
Hemiparesis, hemianopia, dysarthria, and cerebellar 
ataxia may characterize these events. Other symp- 
toms include seizures, pseudobulbar palsy, urinary 
incontinence, and unexplained "CADASIL coma." 
This latter event is a subacute encephalopathy, in 
some cases accompanied by fever, with focal neuro- 
logical symptoms and seizures, eventually progress- 
ing to coma. The condition is reversible in most cases 
but may recur. In the history of nearly all the report- 
ed patients migraines with visual or sensory auras are 
present. In other patients the diagnosis "relapsing-re- 
mitting multiple sclerosis" was maintained for years. 
Psychiatric symptoms, including confusion, severe 
forms of depression, and signs of frontal dysfunction, 
are manifest in more than 30 % of the patients. A sub- 
cortical dementia, similar to that seen in subcortical 
arteriosclerotic encephalopathy, evolves. There is 
considerable variability in clinical symptoms and 
course of disease among the patients, also within fam- 
ilies. The median survival is 64 years for males and 69 
years for females. 

A definite diagnosis of CADASIL can be made on 
the basis of histopathological findings in skin, mus- 
cle, or brain biopsy or when the typical clinical find- 
ings can be linked to a mutation in the gene NOTCH3. 



Table 73.1 . Diagnostic criteria for probable CADASIL (Davous 
1998) 

1. Young age at onset (<50 years) 

2. At least two of the following clinical findings: 

- Stroke-like episodes with permanent 
neurological signs 

- Migrainous headaches 

- Major mood disturbances 

- Subcortical dementia 

3. No vascular risk factors related to deficit 

4. Evidence of inheritance with autosomal dominant 
transmission 

5. On MRI, white matter abnormalities without cortical 
infarcts 



Diagnosis based on the electron microscopic demon- 
stration of granular osmiophilic material (GOM) ad- 
jacent to the basement membrane of smooth muscle 
cells of arterioles has a specificity of 100%, but the 
sensitivity is rather low (-50%). Immunostaining 
with antibodies against the Notch3 protein may in- 
crease the sensitivity of skin biopsy techniques sub- 
stantially; in patients with CADASIL, there is an ab- 
normal accumulation of the Notch3 protein in the 
vessel walls. Diagnosis by mutation detection is also 
possible. In the absence of such evidence criteria for 
probable CADASIL have been proposed, which are 
summarized in Table 73.1. 

Discovery of de novo mutations in isolated pa- 
tients emphasizes that a possible diagnosis of 
CADASIL should not be rejected in the absence of a 
family history. Neuroimaging plays an important role 
in the initial diagnosis. The pattern of white matter 
abnormalities is highly suggestive (see below) and the 
MRI-based diagnosis of CADASIL can be substantiat- 
ed with many more details than suggested under 
point 5 of the above criteria. Especially involvement 
of the anterior temporal pole has a high sensitivity 
and specificity (both 85-90%). CSF analysis shows 
oligo clonal bands in quite a number of cases, al- 
though these are considered to be nonspecific. 



73.2 Pathology 

The primary disease process is a vasculopathy, most 
prominently involving the small perforating arteries 
of the cerebral white matter. Within the media of the 
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small arterial vessels, deposits of GOM are seen on 
electron microscopy, which displace degenerating 
smooth muscle cells of the arterial media in small 
vessels, a feature now considered the pathological 
hallmark of CADASIL. GOM has an extracellular 
location and is not membrane-bound. The chemical 
nature of GOM is unknown. The material usually 
stains with PAS, consistent with acid polysaccharide. 
Other histochemical stains have shown that the mate- 
rial does not contain amyloid, elastin, chromatin, cal- 
cium, or iron. Immuno enzymatic and immunofluo- 
rescence studies have also shown absence of im- 
munoglobulins or complement proteins, cystatin C, 
transthyretin, gelsolin, fibrinogen, cathepsin D and 
ai-antichymotrypsin. Although the disease manifests 
itself only through neurological and neuropsychiatric 
symptoms, it is a generalized disorder and the ultra- 
structural lesions of the arterial wall are also found in 
other organs, including the spinal cord, spleen, heart, 
muscle, skin, and peripheral nerves. Biopsy of these 
tissues can confirm the diagnosis. Skin biopsy is most 
often used for that purpose. 

The concentric thickening of the wall leads to is- 
chemia, infarctions, and myelin loss, which are shown 
by microscopic examination of the brain. Multiple 
small infarcts and lacunae are seen in the basal gan- 
glia, thalamus, internal capsule, periventricular white 
matter, and brain stem. The cerebellum is less often 
affected. The periventricular white matter may be se- 
verely demyelinated. The U fibers and the cortex are 
usually spared. Cortical infarcts are rare and of small 
size. Fresh and old hemorrhages may also be found, 
most often in advanced stages of the disease. 



CADASIL, a dramatic and selective accumulation of 
the extracellular domain of the receptor protein 
occurs at the cytoplasmic membrane of vascular 
smooth muscle cells, in close vicinity to but not with- 
in GOM. This suggests that CADASIL mutations 
specifically impair the clearance of the notch3 
ectodomain, but not the cytosolic domain, from the 
cell surface. 

It is evident that the clinical manifestations, di- 
verse as they may be, are the result of the vascular 
changes leading to hypoperfusion, demyelination, 
gliosis, and lacunar infarctions. How the genetic 
changes translate into the vascular changes and the 
phenotypic variability is still incompletely under- 
stood. 



73.4 Therapy 

As in other disorders with cerebrovascular disease, 
strategies are directed at improving cerebral perfu- 
sion. Anticoagulants and thrombolytic agents, such as 
warfarin and heparin, are not advocated because of 
the risk of hemorrhage. Aspirin, despite its low effica- 
cy in some patients, is considered the best choice 
with the smallest chance of complications. Neuro- 
protective agents, antioxidants, AT-methyl-D-aspartate 
(NMDA) antagonists, and voltage-sensitive calcium 
channel antagonists, for example nimodipine and 
flunarizine, also have been suggested. Other com- 
pounds, like propentofylline, a xanthine derivative 
with multiple actions, have been tested positively in 
Alzheimer disease, and might also be beneficial in 
vascular dementias. 



73.3 Pathogenetic Considerations 

CADASIL is related to dominant mutations in 
NOTCH3 on chromosome 19ql3.1.The gene codes for 
a large transmembrane receptor protein. The extra- 
cellular portion of the Notch3 protein contains 34 
tandem repeats of an epidermal growth factor (EGF) 
motif, each of which contains six cysteine residues 
binding within the domains as three cysteine-cys- 
teine disulfide bonds. Mutations that have been 
demonstrated in CADASIL occur within these EGF 
repeats and always involve either loss or gain of a cys- 
teine residue. The mutations result in altered disulfide 
binding within the repeats by changing the number of 
cysteines from six to an odd number. There is evi- 
dence that mutations may lead to a gain of function. 
Other evidence demonstrates that some CADASIL 
mutations reduce the activity of the Notch3 receptor. 
There is considerable phenotypic variability, which is 
thus far unexplained. 

In normal tissue, gene expression for NOTCH3 is 
highly restricted to vascular smooth muscle cells. In 



73.5 Magnetic Resonance Imaging 

Although there are many similarities between 
CADASIL, subcortical arteriosclerotic encephalopa- 
thy, and cerebral amyloid angiopathy, the MR pattern 
of fully developed CADASIL has several features that 
can make the MR diagnosis highly suggestive and, in 
combination with the clinical features and family his- 
tory, even diagnostic. 

MRI shows extensive white matter abnormalities 
in the absence of cortical infarcts (Figs. 73.1-73.3). 
There is a tendency to symmetry. The centrum semi- 
ovale is involved, with relative sparing of the U fibers. 
The abnormalities extend downwards into the exter- 
nal and extreme capsules. In the frontal lobes the 
white matter abnormalities extend into the U fibers. 
The white matter of the temporal lobes is involved in 
typical cases (Figs. 73.1-73.5). Moderate to severe in- 
volvement of the temporal lobes has a sensitivity of 
89 % and a specificity of 83 %. Involvement of the ex- 
treme and external capsule has a sensitivity of 93 %, 
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Fig. 73.1. Images of a 45-year-old woman with CADASIL, 
showing most of the typical MRfeatures.TheT 2 -weighted im- 
ages {first row, middle and right; second row, left and middle) 
show nearly symmetrical involvement of the white matter in 
the centrum semiovale, with extensions into the arcuate fibers, 
the external capsules, and the temporal lobes.The corpus cal- 
losum is relatively spared. The involvement of the basal gan- 



glia, thalamus, pons, and cerebellum is also more or less sym- 
metrical. The CT scan {first row, left) and the T r weighted im- 
ages {third row) show multiple small hemorrhages in the cen- 
trum semiovale and the posterior temporal lobe on the right. 
TheT r weighted images, including the sagittal image {second 
row, right), show the widened perivascular spaces in the cen- 
trum semiovale and the basal ganglia. 



but a low specificity of 45%. To differentiate between 
small lacunar infarctions and other white matter ab- 
normalities, such as demyelination and gliosis, FLAIR 
images are very useful (Figs. 73.2-73.5). They show 



the white matter changes with high signal intensity, 
whereas cystic infarctions have very low signal inten- 
sity. Diffusion-weighted imaging may demonstrate 
the relatively fresh infarctions. 
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Fig. 73.2. The MR pattern in a 61 -year-old woman with 
CADASIL is similar to the pattern seen in Fig. 73.1 ,although the 
white matter abnormalities are more confluent. There is cere- 



bellar atrophy. Courtesy of Dr. K. Demuth, Department of Neu- 
rology, Marien Hospital, Stuttgart, Germany 



Good quality images show that, apart from the sig- 
nal changes in the white matter, the Virchow-Robin 
spaces are widened (Fig. 73.1). This leads to an etat 
crible of the basal ganglia. The widening of the 
perivascular spaces may also involve the centrum 
semiovale and the temporal lobes. 

In longer-standing cases of CADASIL signal 
changes may occur in the basal ganglia. Apart from 



the often multiple small or lacunar infarctions in the 
basal ganglia, one may see a more generalized low sig- 
nal intensity on T 2 -weighted images, in particular in 
the globus pallidus (Figs. 73.3 and 73.4). CT does not 
show calcification in the basal ganglia, so that the ex- 
planation must be deposition of other substances, for 
example iron. 
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Fig. 73.3. 
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Fig. 73.3. {continued). Series of FLAIR images in a 59-year-old 
woman, a representative of a known CADASIL family. In this 
series many MR characteristics of CADASIL are present: more 
or less symmetrical involvement of the centrum semiovale, 
external capsules, temporal lobes, and basal ganglia; multiple 
lacunar infarctions; some involvement of the cerebellum. Even 
on the FLAIR images the basal ganglia have a relatively low 



signal intensity. The sagittal {fourth row) and coronal {fifth row) 
FLAIR images further illustrate and complete this pattern. The 
frontal cortico-subcortical involvement is depicted, as are the 
multiple lacunar infarctions and the extension of the lesions 
into the external capsules and the temporal lobes.There is al- 
so involvement of the corpus callosum and the fornix (mid- 
sagittal image, fourth row, right) 



Abnormalities in the mesencephalon, pons, and 
cerebellum are often less symmetrical than lesions in 
the cerebral hemispheres. One may find an occasion- 
al infarction in the mesencephalon, pons, and cerebel- 
lum, and a high signal in the transverse fibers of the 
pons (Figs. 73.1, 73.2, and 73.4). 

MR angiography usually does not show the 
changes in the small vessels that cause the problems 
in CADASIL. At the same time intra- arterial DSA 
seems contraindicated because of the unexplained 
extremely high complication rate of up to 50% in in- 
tra-arterial DSA in CADASIL patients. 

After contrast injection there is no enhancement 
seen in any of the lesions, unlike, for example, Bin- 
swanger disease, where new infarcts will display en- 
hancement in the subacute phase, or multiple sclero- 
sis, where acute plaques show enhancement. 

Gradient refocused T 2 *-weighted images show in 
many cases spots of low signal intensity, representing 
microhemorrhages. This feature is also seen in other 
small vessel diseases. Small hemorrhages may also be 
seen on CT and T r weighted images (Fig. 73.1). 

MR diffusion-weighted imaging is capable of 
quantitative estimation of the structural damage of 
the brain, which in its turn may relate to the clinical 
severity of the disorder. Changes in diffusion-weight- 
ed imaging consist of an up to 60 % increase in diffu- 
sivity in lesions with high signal intensity on FLAIR 
or T 2 -weighted images, with loss of diffusion aniso- 
tropy in those areas. In normal-appearing white mat- 
ter, however, changes in diffusivity were also found. 
These findings do not explain one of the most in- 
triguing MRI aspects of CADASIL, namely that many 



of the above-mentioned findings may already be pre- 
sent in clinically unaffected members of patients' 
families. 

In the early stages of the disease, the pattern of 
MRI abnormalities is less characteristic and more dif- 
ficult to differentiate from other vascular disorders 
(Fig. 73.5). Abnormalities of the anterior temporal 
white matter and the external capsule are early find- 
ings and, in the presence of multiple small infarc- 
tions, suggestive of CADASIL. 

The differential diagnosis of CADASIL includes 
other familial disorders presenting with multiple 
recurrent incidents and white matter lesions. Other 
familial disorders, in which recurrent incidents or 
step-like progression is a prominent symptom, in- 
clude multiple sclerosis, the dyslipoproteinemias 
(e.g., familial hypercholesterolemia), disorders of 
connective tissue (Ehlers-Danlos syndrome, Marfan 
syndrome), hyperhomocysteinemia, amyloid an- 
giopathy, and mitochondrial encephalopathies. Re- 
current strokes in young adults may also be due to 
cerebral vasculitis, systemic lupus erythematosus, 
drug abuse (especially cocaine), cardiac diseases, 
sickle cell disease, etc. Most of these diseases can be 
ruled out by the mode of inheritance, the clinical ap- 
pearance and course, biological tests, and laboratory 
findings. MRI of these diseases and disorders shows a 
pattern of irregular cortical and subcortical infarc- 
tions, lacking the tendency towards symmetry seen in 
CADASIL. In the disorders mentioned, the infarcts 
may involve both cortex and white matter, whereas 
CADASIL involves white matter and basal ganglia, 
without cortical infarctions. Temporal lobe involve- 
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Fig. 73.4. In this 48-year-old man, a representative of another 
large family with CADASIL, the MR pattern is difficult to distin- 
guish from that of other vascular disorders.The involvement of 
the centrum semiovale is patchy and less symmetrical than in 
more advanced CADASILThere is incipient involvement of the 



external capsules and evident involvement of the temporal 
lobes.There are many lacunar infarctions, which, together with 
the dark appearance of the globus pallidus, often seen in pa- 
tients with CADASIL, indicate the correct diagnosis 



ment also argues strongly for CADASIL. The differen- 
tial diagnosis of white matter disorders with cogni- 
tive impairment and possible severe temporal lobe 
involvement is from myotonic dystrophy. Familial 



hemiplegic migraine can be confused with the begin- 
ning of CADASIL, but does not show white matter 
abnormalities comparable to those of CADASIL. 
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Fig. 73.5. A 31 -year-old male member of the same family 
as the patient in Fig. 73.4. Without knowing the diagnosis in 
the family, it would be difficult to diagnose this patient with 



CADASIL. The images show multiple lacunar infarctions. In 
addition, there is incipient involvement of the external cap- 
sules and the white matter of the anterior temporal lobes 



Chapter 74 



Cerebral Autosomal Recessive Arteriopathy 

with Subcortical Infarcts and Leukoencephalopathy 



74.1 Clinical and Laboratory Findings 

This disease was first described in 1976 by Maeda et 
al. as a "familial unusual encephalopathy of Bin- 
swanger's type without hypertension" in four pa- 
tients, two of whom were brothers. In nearly all cases 
reported after this first publication, the parents were 
consanguineous, often first cousins, providing evi- 
dence for an autosomal recessive mode of inheri- 
tance. Over the years the syndrome has crystallized 
sufficiently to allow definition of the clinical picture. 
The disease occurs predominantly in males, with a 
male:female ratio of 7.5:1. So far, all patients de- 
scribed are Japanese. The disease has a relatively ear- 
ly age of onset, most often between 25 and 30 years. 
The course of the disease is relatively rapid and is 
characterized by step-like or chronic-progressive 
pyramidal and extrapyramidal symptoms, pseudo- 
bulbar palsy, and cognitive deterioration. The neuro- 
logical symptoms are associated with alopecia from 
youth. There is diffuse hair-thinning with similarities 
to what is seen in radiation injury and systemic lupus 
erythematosus. Patients experience acute lumbago. 
The lumbago is caused by kyphotic and spondylotic 
changes of the vertebrae, often in an unusual location, 
the lower thoracic and higher lumbar region. Patients 
lack vascular risk factors, especially hypertension. 
Diffuse white matter disease is seen on MRI or at 
autopsy. The disease is often compared to Binswanger 
disease, but the MR images more closely mimic the 
MRI characteristics of CADASIL (see below). Life ex- 
pectancy in these relatively young patients is short- 
ened considerably. Most patients die within 10 years 
after onset of the disease in a vegetative state. 

Laboratory examinations are unrevealing. There 
are no biochemical changes in blood or urine samples. 



74.2 Pathology 

The cortex is intact. There is diffuse demyelination of 
the cerebral white matter, with relatively well pre- 
served U fibers. Within the affected white matter and 
within the basal ganglia, there are small softened and 
cystic foci. The corpus callosum is affected in about 
half of the patients. In the abnormal white matter 
arteriosclerosis is seen involving arteries of 100- to 
400 -um caliber, with fibrous intimal proliferation, 
severe hyalinosis, and splitting of the intima and the 



elastic membrane. The thickened vessel walls do not 
stain with PAS stain or Congo red, there is no ultra- 
structural granular osmiophilic material in the vessel 
walls, and there is no p -amyloid immunoreactivity in 
vascular walls. The presence of PAS-positive material 
and the ultrastructural finding of granular osmio- 
philic material in the vessel walls are considered to be 
the hallmarks of CADASIL, making CARASIL distinct 
from CADASIL. There is also no increase of amyloid 
plaques or neurofibrillary tangles. Large arteries at 
the base of the brain display no or mild atheromatous 
changes; severe changes are rare. In visceral organs 
arterial changes are less severe. A muscle biopsy, 
however, may show the described vessel changes. The 
superficial temporal arteries are often involved, pos- 
sibly explaining the alopecia. 



74.3 Pathogenetic Considerations 

In CARASIL the brain damage is caused by narrowing 
of the lumina of arterioles, especially of long perforat- 
ing arteries supplying the periventricular and deep 
white matter. There is an obvious similarity to other 
diseases in which systemic narrowing of penetrating 
small medullary vessels is at the core of the patho- 
physiology. The resulting decrease in cerebral perfu- 
sion leads to white matter pallor, demyelination, glio- 
sis, preinfarct status, and lacunar infarctions. The dis- 
ease is hereditary, but not linked to the NOTCH 3 
gene, which is responsible for CADASIL. The genetic 
basis of CARASIL has not yet been elucidated. 



74.4 Therapy 

So far no therapy has been applied aimed at improve- 
ment of cerebral blood flow and counteracting is- 
chemia, as described in the chapter on CADASIL. 
Treatment is mainly symptomatic. Disc herniation 
and lumbar stenosis may demand surgical interven- 
tion. 



74.5 Magnetic Resonance Imaging 

MRI shows a pattern of white matter involvement 
similar to that of CADASIL. The white matter lesions 
are confluent and more or less symmetrical (Figs. 74.1 
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Fig. 74.1. 
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Fig. 74.2. A 42-year-old male patient with CARASILThe MRI 
was obtained 1 6 years after the onset of the disease. Note the 
extensive cerebral white matter abnormalities, which do not 
spare the U fibers. The internal and external capsules are af- 
fected as well.The cerebral white matter is atrophic;the corpus 



callosum is thin but seems to have a normal signal. There are 
many small lesions in the basal ganglia and brain stem. The 
T]-weighted images do not show evidence of small hemor- 
rhages. From Fukutakeand Hirayama (1995), with permission 



and 74.2). They involve the cerebral hemispheric 
white matter and both internal and external capsules. 
The temporal lobes are affected as well, including the 
temporal poles. The U fibers are relatively spared, but 



Fig. 74.1. A 39-year-old woman with CARASILThe MRI was 
obtained 17 months after the onset of neurological symp- 
toms. There are symmetrical abnormalities in the cerebral 
hemispheric white matter and both internal and external cap- 
sules.The U fibers are partially spared.The corpus callosum is 
intact. There are small additional lesions in the basal ganglia 
and brain stem.The diffusion-weighted image {first row, middle 
image) shows a small fresh infarction.The FLAIR images {fourth 
row) reveal many small lacunae. From Yanagawa et al. (2002), 
with permission; additional images courtesy of Dr. S. Yana- 
gawa, Department of Neurology, and Dr.S.lkeda,Third Depart- 
ment of Medicine, Shinsu University School of Medicine, Mat- 
sumotojapan 



certainly not completely spared (Fig. 74.1), and be- 
come extensively affected in later stages (Fig. 74.2). 
The corpus callosum tends to be spared. There are 
small focal lesions in the basal ganglia, thalami, and 
brain stem (Figs. 74.1 and 74.2). FLAIR images show 
small lacunae (Fig. 74.1), whereas diffusion-weighted 
images may reveal small fresh infarctions (Fig. 74.1). 
Over time, the white matter becomes increasingly 
atrophic (Fig. 74.2). 

The pattern of confluent periventricular and deep 
white matter involvement in combination with multi- 
focal small lesions of the basal ganglia, thalami, and 
brain stem is typically the pattern seen in vascular 
disorders. However, the white matter abnormalities 
are more homogeneously confluent than in Bins- 
wanger disease. Unlike in CADASIL, there are no 
petechial hemorrhages. 



Chapter 75 

Polycystic Lipomembranous Osteodysplasia 
with Sclerosing Leukoencephalopathy 
(Nasu-Hakola Disease) 



75.1 Clinical Features 

and Laboratory Findings 

Polycystic Zipomembranous osteodysplasia with 
sclerosing Zeuko encephalopathy (PLOSL), also called 
Nasu-Hakola disease, was described in the early 
1970s by Nasu et al. (Japan) and Hakola (Finland). 
The disorder was recognized as a combination of 
abnormalities in the nervous system and adipose tis- 
sue in the skeleton. Initially most cases were reported 
from Japan and Finland, but over the years the disease 
has been reported on a more global scale, with papers 
from other Nordic countries, Italy, and Belgium to 
North America and South Africa. There is no doubt 
that other countries will follow. The disease has an 
autosomal recessive mode of inheritance. Patients are 
often born of consanguineous parents. 

The initial development of patients is normal. The 
first symptoms develop in the second or third decade 
of life and are mainly related to the skeletal abnor- 
malities. The disorder affects especially the distal 
parts of the long cancellous bones, metacarpals, 
metatarsals, and phalanges. The first symptoms are 
painful wrists and ankles, distortions and fractures, 
either occurring spontaneously or induced by minor 
trauma. In the third decade a slowly progressive de- 
mentia starts to develop, with the characteristics of a 
prefrontal psychological syndrome, including per- 
sonality changes, euphoria, loss of social inhibitions, 
memory loss, and confabulations. Gradually other 
symptoms appear. Seizures enter the clinical picture, 
in addition to gait disturbances, paraplegia, chor- 
eiform movements, myoclonia, and urinary inconti- 
nence. In the last phase of the disorder, cortical in- 
volvement becomes manifest with manifestations 
such as aphasia, agraphia, acalculia, and alexia. Bul- 
bar symptoms may develop as well. The prognosis is 
poor; the average life expectancy is 40 years. Howev- 
er, patients with a slower and more benign disease 
course have also been reported. 

Laboratory findings may include an increased 
alkaline phosphatase level. Skeletal X-rays reveal 
multiple cystic lesions symmetrically located in the 
metatarsal areas of long bones, the phalanges, 
metacarpals, and metatarsals. Biopsy of the bone 
shows the characteristic histological membranocys- 
tic changes - lesions that can also be found in subcu- 
taneous adipose layers. DNA confirmation of the 
diagnosis is possible. 



75.2 Pathology 

On gross inspection, the brain shows atrophy of vari- 
able severity, especially in the frontal and temporal 
regions. The large cerebral arteries at the base of the 
brain appear normal. On coronal sectioning, the ven- 
tricles are enlarged, again predominantly in the 
frontal and temporal lobes. There is a decrease in 
white matter volume. The white matter appears gray- 
ish and is of rubbery consistency. The basal ganglia 
and thalami are smaller than normal. The globus pal- 
lidus shows a brownish discoloration and contains 
deposits of sandy material. 

Microscopy shows a diffuse, symmetrical myelin 
pallor and marked astrofibrillary gliosis of the cere- 
bral white matter, predominantly in the frontal and 
temporal region, but also in the corpus callosum, in- 
ternal capsule, and sometimes cerebellar white mat- 
ter. The arcuate fibers are better spared in the tempo- 
ral than in the frontal regions. There is little su- 
danophilic material in perivascular macrophages, al- 
though sometimes sudanophilic material is more 
prominent and diffusely scattered in the affected 
white matter. No metachromatic material is found. 
There are no signs of inflammation. Signs of axonal 
degeneration may be seen within the cerebral hemi- 
spheric white matter, basal ganglia, cerebellum, and 
brain stem, with axonal loss, fragmentation, and pres- 
ence of spheroid bodies. Electron microscopy of these 
axonal spheroids reveals a compact collection of cell 
organelles, including degenerated mitochondria, 
neurofilaments, and vesicles with patchy dense mate- 
rial. The presence of these axonal spheroids may sug- 
gest a link to leukoencephalopathies with axonal 
spheroids. The cerebral cortex is usually intact. The 
thalamus is rarely seriously affected. In the globus 
pallidus and putamen, basophilic calcospherites and 
moderate neuronal loss are seen. There are changes in 
the blood vessels (small arterioles and capillaries), 
most prominently in the white matter. The vessels 
have plump endothelium. The basement membranes 
of these blood vessels are thickened and often multi- 
plied, related to concentric deposition of collagen IV. 
Immunohistochemically extravasation of plasma 
constituents can be demonstrated. 

Peripheral nerves may be affected and axonal de- 
generation has been reported. 

In addition to the brain, adipose tissue and bone 
marrow are of interest. In adipose tissue and fatty 
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bone marrow, membranocystic lesions are found. 
Convoluted membranous structures lie scattered or 
conglomerated among mature fat cells. The mem- 
branes, which are mainly eosinophilic but partly ba- 
sophilic, form irregular cystic cavities containing 
pale, homogeneous material. Ultrastructurally, the 
membranes consist of undulating bands composed of 
numerous minute tubular structures, arranged per- 
pendicularly to the inner surface of the cavity. The 
cavity is filled with a lightly osmiophilic amorphous 
substance. The outer zone of the bands shows tubular 
crypts with microvesicles. The tubulovesicular struc- 
ture of the membranocystic lesions arises at the 
lipid-cytoplasmic interface of degenerated fat cells 
and enters the interstitium to form the lesion, concur- 
rent with the collapse of fat cells. There are also mem- 
branocystic structures with thinner membranes 
without tubular structures. Membranocystic struc- 
tures are not specific for PLOSL. They can be induced 
by several forms of chronic circulatory insufficiency 
and trauma. 



75.3 Chemical Pathology 

Lipid analysis of brains of patients with PLOSL has re- 
vealed large amounts of free fatty acids, but no cho- 
lesterol esters. Within the white matter, total lipid, 
cholesterol, and cerebroside content are mildly to se- 
riously decreased. 



75.4 Pathogenetic Considerations 

One gene for PLOSL is TYROBP, also called DAP12, 
located on chromosome 19ql3.1. The gene encodes 
TYRO protein tyrosine kinase binding protein 
(TYROBP), also called DAP 12. TYROBP is an adaptor 
molecule that couples a variety of cell surface recep- 
tors expressed by myeloid cells, including natural 
killer cells, and plays a major role in the transduction 
of cell activation signals. It is expressed by a wide va- 
riety of myeloid cells and also by microglia and osteo- 
clasts. On the plasma membrane of these cells, TYROBP 
associates with activating receptors recognizing major 
histocompatibility complex class I molecules. 

More recently, TREM2 has been identified as the 
second PLOLS gene. The gene is located on chromo- 
some 6p21.2. The protein TREM2 belongs to the im- 
munoglobulin superfamily and forms a receptor sig- 
naling complex with TYROBP. Its pattern of expres- 
sion closely follows the pattern of TYROBP. It triggers 
activation of immune responses in macrophages and 
monocyte-derived dendritic cells. PLOSL forms an 
example of a disease in which mutations in two differ- 
ent subunits of a multisubunit receptor complex re- 
sult in an identical phenotypic appearance. 



The TYROBP-mediated signaling pathway plays an 
important role in human brain and bone tissue. The 
pathogenesis of the disease has still to be clarified. 
The precise biochemical and structural steps leading 
to the histopathology of the disease are not yet under- 
stood. Patients with PLOSL have no defects in cell- 
mediated immunity, suggesting a remarkable capaci- 
ty of the human immune system to compensate for 
the inactive TYROBP-mediated activation pathway. 
The characteristic bone cysts may reflect chronic dys- 
function of osteoclasts. 



75.5 Magnetic Resonance Imaging 

The combined findings of X-rays of the skeleton and 
CT and MRI of the brain are diagnostic. X-rays of 
the long bones, phalanges, and metacarpal and 
metatarsal bones show the typical cystic changes, in 
many cases with evidence of earlier fractures. CT 
shows calcification of the basal ganglia, especially in 
the putamen and caudate nucleus (Figs. 75.1 and 
75.2), sometimes also in the globus pallidus, rarely in 
the dentate nucleus (Fig. 75.2). The abnormalities in 
the white matter are better demonstrated on MRI. 
MRI shows bilateral, symmetric, cerebral white 
matter abnormalities with a high signal intensity on 
T 2 -weighted and FLAIR images (Figs. 75.2-75.4). The 




Fig. 75.1. Female PLOSL patient, 38 years old. The CT scan 
demonstrates the calcium deposits in the basal ganglia. Cour- 
tesy of Dr. Y. Ueki, Dr. N. Kohara, Dr. H. Fukuyama, and Dr. Y. Miki, 
Departments of Neurology and Brain Pathophysiology, Facul- 
ty of Medicine, Kyoto University, Kyoto, Japan 



554 Chapter 75 Polycystic Lipomembranous Osteodysplasia with Sclerosing Leukoencephalopathy (Nasu-Hakola Disease) 




Fig. 75.2. Male PLOSL patient, 29 
years old.The CT scan demonstrates 
the calcium deposits in the caudate 
nucleus and dentate nucleus.The MRI 
reveals abnormalities in the periven- 
tricular and deep white matter, 
sparing the U fibers.The hilus of the 
dentate nucleus and deep cerebellar 
white matter is affected as well. 
From Malandrini et al. (1 996), 
with permission 



signal change is often mild and ill demarcated. The 
temporal lobe tends to be better preserved (Figs. 75.3 
and 75.4). The U fibers also tend to be spared 
(Figs. 75.2-75.4). On T 2 -weighted, but more conspicu- 
ously on gradient-recalled-echo images, the basal 
ganglia appear too dark in comparison with average 
normal findings in this age group (Figs. 75.3 and 



75.4). There is progressive cerebral atrophy with 
widening of the ventricles and subarachnoid spaces 
(Figs. 75.3 and 75.4). The atrophy may dominate in 
the frontal area. Perfusion studies have been per- 
formed with SPECT and PET with evidence of hypo- 
perfusion in the frontal and temporal lobes. 
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Fig. 75.3. A 32-year-old man with PLOSLTheT 2 -weighted im- 
ages reveal diffuse, ill-defined signal abnormalities in the cere- 
bral white matter, relatively sparing the U fibers and temporal 
white matter. There is some cerebral and cerebellar atrophy 
with moderate widening of CSF spaces. Note the low signal 



intensity of the putamen and globus pallidus, related to calci- 
um deposits, as evident on the CT scan (not shown). Courtesy 
of Dr. T. Autti, Department of Radiology, Helsinki University 
Central Hospital, Helsinki, Finland 
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Fig. 75.4. Brother of the patient shown in Fig. 75.3, also suffer- 
ing from PLOSL, 32 years old. Despite being the same age at 
MRI 7 this patient has much more severe cerebral atrophy and 
also some cerebellar atrophy. Note again the low signal inten- 



sity of the basal ganglia on these T 2 -weighted images. Cour- 
tesy of Dr.T. Autti, Department of Radiology, Helsinki Universi- 
ty Central Hospital, Helsinki, Finland 



Chapter 76 



Pigmentary Orthochromatic Leukodystrophy 



76.1 Clinical Features 

and Laboratory Investigations 

A limited number of families with pigmentary 
orthochromatic leukodystrophy (POLD) have been 
described. In several families affected siblings were 
observed, whereas the parents did not display signs of 
dementia, providing evidence for an autosomal reces- 
sive mode of inheritance. However, occurrence of pa- 
tients in successive generations has also been report- 
ed, suggesting an autosomal dominant inheritance. 
Autosomal dominant inheritance with incomplete 
penetrance would explain the two observations. The 
mean age at onset of symptoms is 42 years ±11.5 
(range 25-70 years). Women account for two-thirds of 
the patients. Childhood onset of POLD has been re- 
ported occasionally (Seiser et al. 1990; Harding et al. 
1990). 

Most patients present with dementia and behav- 
ioral disturbances. The disease is chronic-progressive 
and is characterized by progressive cognitive decline, 
spastic hemiplegia or tetraplegia, cerebellar ataxia, 
and pseudobulbar features with dysphagia, dys- 
arthria, and finally loss of speech. Myoclonia and 
epilepsy are also relatively frequent findings. Optic 
atrophy and visual loss may occur. The duration of 
the illness is 7 ± 5.5 years, with a range of 1-18 years, 
indicating that the rate of progression is highly vari- 
able. Two sisters with POLD had primary infertility 
with streak ovaries at autopsy. 

The diagnosis is at present based on histopatho- 
logical findings. When the diagnosis has been estab- 
lished by means of histopathology in one patient, 
MRI of the brain revealing a leuko encephalopathy is 
sufficient to confirm the diagnosis in family members 
who become clinically symptomatic. 



76.2 Pathology 

External examination reveals mild to marked atrophy 
of the cerebrum and cerebellum. On sectioning, 
dilatation of the lateral ventricles is found, in addition 
to gray-brown discoloration of the cerebral white 
matter, most marked in the frontal and periventricu- 
lar regions. 

Microscopic examination reveals prominent, sym- 
metrical demyelination of the cerebral white matter 



with relative sparing of the U fibers. The frontal white 
matter is most prominently affected. Axons are rela- 
tively spared, but axonal swellings may be seen in the 
affected white matter. The brain stem and cerebellar 
white matter are inconstantly and mildly affected. 
Wallerian degeneration may be seen in brain stem 
tracts. There are scanty macrophages containing 
sudanophilic material. Astrocytes, microglia, and 
macrophages contain a brown-yellow, autofluores- 
cent pigment in the cytoplasm that stains positive 
with PAS. The inclusions have the staining properties 
of ceroid lipofuscin. Macrophages and astrocytes are 
inconstantly positive in iron stains. The demyelinated 
white matter is diffusely gliotic. Oligodendrocytes are 
markedly decreased in areas of demyelination, but 
preserved or relatively increased in numbers in the 
less severely affected areas. There are no inflammato- 
ry infiltrates. 

Electron microscopy of the white matter shows 
that most macrophages and many astrocytes and 
oligodendrocytes are filled with membrane-bound 
intracytoplasmic inclusions containing electron- 
dense multilamellar material in a curved or straight 
parallel arrangement or with fingerprint profiles, 
accompanied by various amounts of lipofuscin and 
lipid droplets. Curvilinear profiles may also be ob- 
served. 



76.3 Pathogenetic Considerations 

At present, the basic genetic defect and the pathogen- 
esis of the disease are unknown. One paper (Marotti 
et al. 2004) reports a father and two daughters with 
adult-onset leuko encephalopathy and at autopsy 
widespread destruction of cerebral white matter with 
presence of neuroaxonal spheroids as well as pig- 
mented glial cells and macrophages. So in this family 
histology revealed characteristics of both POLD and 
hereditary diffuse leuko encephalopathy with spher- 
oids (HDLS, Chap. 70), suggesting perhaps an etio- 
logical relationship between the two. 



76.4 Therapy 

Only symptomatic therapy is available for patients 
with POLD. 
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76.5 Magnetic Resonance Imaging matter volume loss. The corpus callosum was also 

atrophic. The white matter abnormalities were 
MRI has been reported in one patient (Dousset et al. bilateral but not entirely symmetrical. The MRI find- 
1998) and revealed extensive signal abnormalities ings are not distinct and do not allow a specific 
in the cerebral white matter, accompanied by white diagnosis. 



Chapter 77 

Adult-Onset Autosomal Dominant 
Leukoencephalopathies 



Multiple families have been described with an adult 
onset leukoencephalopathy and an autosomal domi- 
nant mode of inheritance. When there is no specific 
disease marker, it is hard to tell whether families have 
the same disease or different disorders. In hereditary 
diffuse leukoencephalopathy with spheroids (see 
Chap. 70), the white matter disease is histopathologi- 
cally accompanied by numerous neuroaxonal spher- 
oids within the affected white matter, which is the 
basis for the diagnosis. In pigmentary orthochromat- 
ic leukodystrophy (see Chap. 76), histopathological 
examination reveals demyelination accompanied by 
astrocytes and phagocytic cells that contain in their 
cytoplasm membrane-bound inclusions of brown- 
yellow, autofluorescent pigment, which has the ap- 
pearance of multilamellar material in a curved or 
straight parallel arrangement or with fingerprint pro- 
files on electron microscopy. However, in other fami- 
lies with adult-onset autosomal dominant leukoen- 
cephalopathy such characteristic histopathological 
findings are lacking. In the present chapter we focus 
on those families in which MRI findings have been re- 
ported. 

Adult-onset autosomal dominant leukoencephalo- 
pathy has been described in multiple members 
of an American-Irish family (Eldridge et al. 1984; 
Schwankhaus et al. 1988, 1994; Coffeen et al. 2000). In 
this family, the onset of clinical symptoms is in the 
fourth or fifth decade of life. The first symptoms con- 
sist of autonomic abnormalities, including bowel and 
bladder dysfunction, impotence, orthostatic hypoten- 
sion, and decreased sweating. After several years, 
other neurological symptoms appear, such as loss of 
fine motor skills. Subsequently, overt cerebellar and 
pyramidal dysfunction develops, eventually leading 
to complete loss of voluntary movements. Signs of 
posterior column dysfunction are frequent. Behav- 
ioral problems, cognitive deficits, and abnormalities 
of the central visual pathways are mild and of later 
onset. Sensorineural hearing loss is common. The 
peripheral nervous system is spared. The disease is 
slowly progressive, and survival of 20 years is com- 
mon. Laboratory tests are unrevealing. Evoked poten- 
tials show central conduction delays. Peripheral nerve 
conduction velocities are normal. A gene locus on 
chromosome 5q31 has been identified, but the gene 
itself has not yet been found. 

Neuroimaging shows cerebral white matter 
changes with frontoparietal predominance in the ear- 



ly stages. The abnormalities are patchy and inhomo- 
geneous in signal intensity. The deep white matter is 
most prominently affected. The cerebral white matter 
abnormalities are progressive and extend posteriorly. 
They finally involve all cerebral white matter with rel- 
ative preservation of the U fibers. Signal abnormali- 
ties in the middle cerebellar peduncles are early find- 
ings. In the later stages, the cerebellar white matter is 
also affected. Brain stem abnormalities are frequent, 
including involvement of the pyramidal tracts, medi- 
al lemniscus, and cerebellar peduncles. 

Autopsy reveals widespread myelin loss in isolated 
and confluent patches in the cerebral white matter 
and relative preservation of axons within the affected 
areas. Irregular islands of relatively normal white 
matter are seen within and at the margins of the af- 
fected regions. In the areas of myelin loss, oligoden- 
drocytes are abundant. The abnormal white matter is 
vacuolated. Despite the severity of the white matter 
abnormalities, macrophages, activated microglia, 
lipid accumulation, astrocytic proliferation, and fib- 
rillary gliosis are scarce. Inflammatory infiltrates are 
absent. The U fibers are relatively spared. Gray matter 
structures are intact. The cerebellar white matter and 
cerebellar peduncles are severely affected, similar to 
the cerebral white matter. Brain stem tracts are also 
affected, but the changes are milder than in the cere- 
bral and cerebellar white matter. 

Calandriello et al. (1992) describe a family with an 
autosomal dominant leukoencephalopathy and a 
highly variable age at onset, ranging between 9 and 66 
years, making evaluation of this family difficult. 
Details concerning MRI findings are lacking. 

Abe et al. (1993) describe a family with adult-onset 
autosomal dominant leukoencephalopathy and clini- 
cally progressive tetraparesis, dysarthria, dysphagia, 
and urinary incontinence. Mental capacities seem to 
be relatively better preserved. MRI shows diffuse sig- 
nal abnormalities of the cerebral white matter, brain 
stem tracts, and cerebellar white matter. A striking 
finding is the preservation of the optic radiation, con- 
sidered to be a distinct finding. 

Quattrocolo et al. (1997) and Bergui et al. (1997) 
describe a large Italian family with adult-onset auto- 
somal dominant leukoencephalopathy and clinically 
progressive spasticity, pseudobulbar dysfunction, 
urinary incontinence, and sometimes action tremor. 
Apart from slight memory impairment, no cognitive 
decline is noted and there are no behavioral changes. 
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The peripheral nervous system is spared. The mean 
age at onset is 45 years and the duration of the disease 
10 years. MRI of the brain shows diffuse signal abnor- 
malities within the cerebral white matter, most 
prominently involving the deep cerebral white matter. 
The U fibers and corpus callosum are initially spared 
but become involved in the later stages of the disease. 
Some cerebral hemispheric atrophy develops over 
time. The posterior limb of the internal capsule and 
brain stem tracts become affected. The cerebellum 
and the optic radiation remain spared, even in the late 
stages of the disease. There are no data on histo- 
pathology. 

Fukazawa et al. (1997) describe a family with an 
autosomal dominant leukoencephalopathy. The onset 
of clinical symptoms in this family is in childhood, 
but the progression is extremely slow, over decades. 
The first signs include cerebellar dysfunction and 
some mental deterioration. The subsequently devel- 
oping spasticity leads to serious disability in the third 
or fourth decade of life. The MRI shows diffuse white 
matter signal abnormalities, involving all cerebral 
white matter from cortex to ventricular lining and 
also the internal capsule and corticospinal tracts in 
the brain stem. The cerebellum and remainder of 
the brain stem have a normal signal, although the 
cerebellum shows some atrophy. The findings may 
be compatible with hypomyelination, but data on 
histopathology are lacking. 

In 2001 Tagawa et al. described another family with 
an adult-onset autosomal dominant leukoencephalo- 



pathy. The disease is characterized by cerebellar 
ataxia as the initial symptom and later dementia and 
signs of pyramidal dysfunction. MRI shows a diffuse 
leukoencephalopathy involving all cerebral and cere- 
bellar white matter and the brain stem. In addition, 
some cerebral atrophy develops. Histopathological 
examination reveals vacuolar degeneration of the 
white matter, sparing the U fibers. 

In 2003, another family with adult-onset auto- 
somal dominant leukoencephalopathy was reported 
by Letournel et al. The patients have a variable combi- 
nation of dementia, motor signs, and epilepsy. 
MRI findings have not been reported in detail and 
histopathological finding are nonspecific, showing an 
orthochromatic leukoencephalopathy involving the 
cerebral hemispheres, but sparing the cerebellum and 
brain stem. 

It is hard to tell whether consistent differences in 
clinical and MRI findings are sufficient to distinguish 
different disease entities. For instance, in some fami- 
lies signs of autonomic dysfunction are consistently 
present, whereas they are absent in other families. 
Likewise, the cerebellar white matter is consistently 
involved in some families, whereas in other families 
the cerebellum is consistently spared. It is presently 
important to document these families in every detail 
from clinical, MRI, MRS, and histopathological per- 
spectives. It is to be expected that the underlying 
gene defect(s) will soon be found in the larger fami- 
lies, facilitating further analysis of the remaining 
families. 



Chapter 78 

Inflammatory and Infectious Disorders 



Although apparently different with respect to the un- 
derlying cause, inflammatory and infectious diseases 
have much in common. In both conditions the human 
defense system plays an active role, counteracting the 
cause of the disturbance, killing the intruder, and 
repairing the tissue damage. 

Inflammation has principally a protective role. 
Paradoxically, in a large number of human diseases 
inflammatory reactions are part of the pathogenetic 
mechanisms causing tissue damage. Inflammatory 
reactions can be not only protective but also histotox- 
ic. The inflammatory process is characterized by a 
complex interplay between blood cells, blood vessels, 
and tissue. Although the process is complex, it follows 
well-orchestrated patterns. 

Many components of the defense system have to 
come into action to destroy the invading micro-or- 
ganism or counteract adverse interactions. The de- 
fense system depends largely on the immune system, 
which can be subdivided into an innate (nonadap- 
tive) and an acquired (adaptive) part. Repeated infec- 
tions do not improve the innate system, whereas the 
adaptive immune system has a "memory bank" with 
improved resistance after repeated attacks. In both 
systems a molecular (solvable, humoral) component 
can be distinguished from a cellular component. 

In the innate system the soluble factors are lyso- 
zyme, complement, acute phase proteins, and interfer- 
on. 

The enzyme lysozyme is a soluble bactericidal sub- 
stance, abundantly present in body fluids. It is capable 
of splitting the exposed peptidoglycan wall of suscep- 
tible bacteria. 

Complement consists of a complex series of many 
proteins, and forms one of the enzyme systems in 
plasma triggered during inflammation. Once activat- 
ed, the complement system produces a rapid, highly 
amplified response to a trigger stimulus, mediated by 
a cascade reaction, in which the product of one reac- 
tion is the enzyme catalyst of the next reaction. Com- 
ponents of complement are designated by the letter 
"C" followed by a number related to the chronology of 
its discovery. Unfortunately, the sequence in which 
the complement components come into action is not 
identical to the sequence of their discovery. The ac- 
tions of activated complement range from increasing 
vascular permeability to mast cell degranulation, op- 
sonization and phagocytosis of bacteria, neutrophil 
activation, chemotaxis, and lysis of bacteria and for- 



eign cells. Two ways of activating complement are dis- 
tinguished. One is the so-called alternative pathway, 
which is activated by a microbial polysaccharide. This 
pathway belongs to the innate, nonspecific immune 
system. The other, the classical pathway, is a specific 
response triggered by antibody-antigen complexes. 
Both systems work closely together. 

Acute phase proteins are plasma proteins which 
undergo a dramatic increase in concentration in 
response to infection or injury. A number of factors 
belong to this group, including C-reactive protein 
(CRP) and fibrinogen. C-reactive protein has the abil- 
ity to bind to a number of micro-organisms which 
contain phosphorylcholine on their membranes. The 
complex formed is able to activate complement by the 
classical pathway, resulting in opsonization of the 
microbe for adherence to phagocytes. 

Interferons are broad-spectrum antiviral agents. 
Different molecular forms of interferon have been 
identified. There are at least 14 different interferons- 
a (IFN-a), produced by leukocytes, while fibroblasts 
and other cells produce interferon-p (IFN-P), inter- 
feron-y (IFN-y), and macrophage activating factors, 
which switch on the microbicidal mechanisms of the 
macrophage. A subpopulation of T lymphocytes, T 
helper cells, will produce lymphokines, amongst them 
IFN-y, if bound to an antigen in association with a 
major histocompatibility complex (MHC) class II 
molecule on a macrophage surface. IFN-y is also pro- 
duced by cytotoxic T lymphocytes which recognize 
antigen in association with MHC class I molecules. 

The major histocompatibility complex (MHC) is a 
complex of proteins which is of predominant impor- 
tance in the transplant rejection process. In man the 
MHC is the human leukocyte antigen (HLA) cluster 
encoded for by chromosome 6. It has been recognized 
that proteins encoded in this particular region of 
chromosome 6 are involved in many aspects of im- 
munological recognition, including both interaction 
between lymphoid cells and interaction between lym- 
phocytes and antigen presenting cells. Three classes 
of MHC molecules are distinguished. Class I mole- 
cules associate with antigen on the surface of virally 
infected cells to signal cytotoxic T lymphocytes. Class 
II molecules signal T helper cells to activate B cells 
and macrophages. T helper cells are only activated 
when both antigen and MHC class II molecules are 
presented on the antigen-presenting cell. Class III 
genes encode components of the complement. 
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The cellular part of the innate immune system is 
formed by phagocytes, natural killer cells, and mast 
cells. 

The phagocytes can be divided into monocytes and 
polymorphonuclear granulocytes. The latter can be 
further divided into neutrophils, eosinophils, and 
basophils, according to the histological staining of 
their granules. Granulocytes do not show any speci- 
ficity for antigens, but together with antibodies and 
complement, they play an important role in protec- 
tion against micro-organisms. Their predominant 
role is phagocytosis. In the process of phagocytosis 
both oxygen-dependent and oxygen-independent 
mechanisms play a role. The oxygen burst is the 
process in phagocytosis by which oxygen is convert- 
ed to free radicals. 

Oxygen radicals and their metabolites constitute 
an important class of inflammatory mediators. Free 
radicals are atoms or molecules containing an un- 
paired electron in the outer orbit. Phagocytic cells, 
when activated, exhibit a sharp increase in molecular 
oxygen consumption, the so-called respiratory burst, 
and produce a battery of biologically active oxygen 
radicals and derived metabolites. The stimuli for 
phagocyte-derived oxygen radical production are 
multiple, including endotoxins, y-immunoglobulins, 
and cytokines. Reduction of molecular oxygen by 
addition of a single electron results in formation of 
the superoxide anion (0 2 *). In aqueous environments, 
0 2 * exists in equilibrium with its protonated form, 
H 2 0* (perhydroxyl radical). In the presence of super- 
oxide dismutase 0 2 * can undergo dismutation, result- 
ing in H 2 0 2 formation. Hydrogen peroxide has the ca- 
pacity to oxidize directly a wide spectrum of biologi- 
cal molecules. Phagocyte-derived oxygen radicals 
and their metabolites are important mediators of tis- 
sue damage in inflammatory disorders. The concur- 
rent rise in pH due to free radical formation allows 
cationic proteins to function optimally, damaging the 
bacterial membrane. The process of phagocytosis is 
adequately supported by the complement system, 
which can prepare micro-organisms for phagocytosis 
by opsonization. 

Natural killer cells are large granular lymphocytes 
with a characteristic morphology, capable of recog- 
nizing structures on high-molecular- weight glyco- 
proteins which appear on the surface of virally infect- 
ed cells and allow them to be differentiated from un- 
infected cells. At the binding site, pores are forced in 
the infected cell and the cell is then killed by nuclear 
fragmentation through calcium-dependent endonu- 
clease. The various interferons produced by virally in- 
fected cells augment natural killer cytotoxicity and 
form an integrated feedback defense system. 

Mast cells have a central role in the acute inflam- 
mation process. They are loaded with granules con- 
taining preformed mediators, which are released up- 



on triggering. This triggering occurs by components 
of the complement system. Mast cell activation fol- 
lows two major pathways. The first pathway involves 
the release of the preformed mediators from the 
granules, such as histamine, causing vasodilatation, 
increased capillary permeability, and chemokinesis; 
neutral proteases, which activate complement; 
eosinophil and neutrophil chemotactic factor; and 
platelet activating factor, which induces mediator re- 
lease, including interleukins and tumor necrosis fac- 
tor with multiple actions such as macrophage activa- 
tion and triggering of acute phase proteins. The sec- 
ond pathway results in the release of newly synthe- 
sized mediators via the phospholipase A 2 pathway. 
This enzyme initiates arachidonic acid degradation. 
Breakdown of arachidonic acid is achieved by differ- 
ent enzymes. Lipoxygenase leads to the promotion of 
leukotrienes, which influence the microcirculation 
and enhance chemotaxis. Cyclo- oxygenase leads to 
the formation of prostaglandins and thromboxanes, 
which affect bronchial muscle, platelet aggregation, 
and vasodilatation. 

Complex and efficient as the innate immune sys- 
tem appears, many micro-organisms find ways to cir- 
cumvent these responses. Here the adaptive immune 
system is important, which also has humoral and cel- 
lular components. The humoral adaptive immune sys- 
tem leads to the formation of antibodies, which form 
specific responses to specific antigens. Antibodies 
form a highly specific answer to those micro-organ- 
isms which escape the innate immune system. Anti- 
bodies are capable of binding specifically to the at- 
tacking microbe, activating the complement system, 
and stimulating phagocytic cells. The antibody mole- 
cule therefore has three main regions, two regions 
concerned in communicating with complement and 
phagocytes, and one region for binding to an individ- 
ual micro-organism. The latter region carries the ex- 
ternal recognition function. The first two functions 
are constant. The recognition function, however, de- 
mands numerous adaptations of recognition sites. 
Antibodies, when bound to a microbe, will link to the 
first molecule in the classical complement sequence. 

The cells involved in the adaptive immune system 
are mainly lymphocytes. All the cells of the immune 
system are derived from pluripotent stem cells 
through two main lines of differentiation: the lym- 
phoid lineage, producing lymphocytes, and the 
myeloid lineage, producing phagocytes and mast 
cells. There are three kinds of lymphocytes with dif- 
ferent functions: T cells and B cells and the so-called 
third population cells. T cells differentiate initially in 
the thymus; B cells in fetal liver, spleen, and in adult 
bone marrow. Morphologically, T and B cells are iden- 
tical; functionally they can be distinguished. B cells 
are classically defined by the production of im- 
munoglobulins (antibodies), which are presented on 
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the cell surface. The T cells can be subdivided into T 
helper cells, T suppressor cells, and T killer cells. Their 
function is to recognize foreign intruders, to activate 
B cells, and to kill invading micro-organisms. The 
third population cells do not consistently carry mark- 
ers of either T or B cells. They possess specific recep- 
tors for y-immunoglobulins and form the greater part 
of natural killer and antibody-dependent cellular 
cytotoxic effectors. In another classification system, 
dependent on the surface proteins reacting to clusters 
of antigens (CD = cluster determinants), lympho- 
cytes can be subdivided in terms of different cell 
types. The T helper cells are classified as CD4+ cells 
(formerly T4 cells); the T suppressor/killer cells as 
CD8+ cells (formerly T8 cells). 

To orchestrate the actions of all the cells involved 
in the inflammatory process, a great variety of solv- 
able mediators are used for communication between 
the cells. On the effector side, too, many solvable 
factors play an important role in the inflammatory 
reaction. An important group of such mediators has 
been given the name cytokines. Cytokines can be di- 
vided into monokines, produced by monocytes and 
macrophages, and lymphokines, produced by lym- 
phocytes. Cytokines are hormone-like substances 
and are the most important mediators of the action of 
T lymphocytes. The immune functions of T lympho- 
cytes are reflected by a specific set of cytokines, the 
lymphokines, produced by these cells after activation. 
Subpopulations of T cells, such as Tl and T2 helper 
cells, can be distinguished by the specific lym- 
phokines they produce. Important lymphokines, 
some of which have been mentioned before, are inter- 
leukins, interferons, lymphotoxin, growth factors, and 
tumor necrosis factor. CD4+ cell has the cytokine 
profile of the Tl helper cell. The Tl helper cell acti- 
vates the B lymphocytes to produce antibodies and it 
causes eosinophilia and mast cell hyperplasia. The 
CD8+ lymphocyte has T2 cell characteristics and is 
responsible for cytotoxicity, complement fixation, 
and macrophage activation. The CD8+ lymphocyte 
profile, therefore, protects against viruses, tumors, 
and infections. It is also responsible for transplant re- 
jection, inflammation, and autoimmune reaction. Cy- 
tokines form a functional network. The various fac- 
tors, messengers, and effectors act in a subtle interac- 
tion. These interactions may be synergistic, additive, 
or antagonistic, and function in order to maintain a 
balance of optimal efficacy in the protection of the 
host. 

The cooperative cellular and mediator activity in 
inflammatory (either infectious or noninfectious) dis- 
orders of the CNS can be briefly summarized as fol- 
lows: 

Circulating T cells recognize the antigen con- 
cerned in combination with the major histocompati- 
bility complex class II on antigen-presenting cells and 



start to proliferate. The antigen-presenting cells in the 
CNS may be perivascular macrophages, the gatekeep- 
ers of the CNS. Microglial cells may also act as anti- 
gen-presenting cells within the CNS. Sensitized or 
activated T cells start to release substances such as 
interferons (interferon-y), which activate local cells 
such as microglia, astrocytes, and perivascular 
macrophages. This local activation results in upregu- 
lation of adhesion molecules on endothelial cells, 
enhanced expression of major histocompatibility 
complex, and release of chemo attractive substances, 
which attract and facilitate the entrance of more T 
cells, macrophages, and B lymphocytes. B cells are 
triggered to become plasma cells and produce anti- 
bodies. Macrophages, microcytes, astrocytes, and 
mast cells start to produce inflammatory mediators 
such as tumor necrosis factors, reactive oxygen 
species, interleukins, vasoactive amines, leukotrienes, 
complement, and hydrolytic enzymes. The result is, 
eventually, vascular dilatation, increased capillary 
permeability, exudation of fluid in tissue, and ex- 
travasation of numerous cells, leading subsequently 
to disruption of the blood-brain barrier, perivascular 
inflammation, formation of edema and demyelina- 
tion. Phagocytosis of myelin by macrophages may be 
initiated by antimyelin antibodies, or by opsonization 
via their receptor for complement component. 

Knowledge of the factors mediating inflammation 
has stimulated attempts to undo undesired reactions 
by counteracting or blocking the involved pathways. 
Interferon-y, for example, proved to have a negative 
influence on the course of secondary progressive 
multiple sclerosis. Interferon- p, known to counteract 
the action of interferon-y, seems to have a beneficial 
effect on the course of this disease. 

In infectious disorders several pathogenetic factors 
play a role in evoking the host response. Exotoxins, for 
example, are produced by micro-organisms during 
their growth. They have a proteinaceous nature and 
therefore act as antigens. They evoke an antibody 
response and in this way give rise to neutralizing 
antitoxins. Endotoxins are membrane molecules, 
lipopolysaccharides, present in the outer cell mem- 
brane of gram-negative bacteria. The polysaccharide 
chain is variable and determines the antigenic struc- 
ture of the bacteria. The lipid fraction anchors the 
lipopolysaccharide in the outer bacterial membrane, 
is less variable, and is responsible for the toxic effects. 
After liberation of the lipopolysaccharides from the 
bacterial membrane they adsorb on the lipid mem- 
brane of many cells, especially neutrophils. This trig- 
gers a whole cascade of immune reactions. Another 
way to evoke immune reactions is by presentation of 
antigens by specialized cells, also called antigen-pre- 
senting cells, such as the Langerhans and dendritic 
cells. These cells recognize the foreign intruders, 
probably by lack of identifying cell surface membrane 
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MHC class I compounds. Viruses use the replication 
system of host cells and bring their antigens to ex- 
pression on the surface of the host cells, activating 
natural killer cells. 

The presence and multiplication of the original 
micro-organism sustains the disease or expands it. 
The micro-organisms produce a gamut of products 
to assist in their spread, including streptokinase, 
hyaluronidase, and neuraminidase. In many cases it is 
difficult to distinguish the direct influence of the mi- 
cro-organisms on the tissue from the immunological 
reaction the attack provokes. A demonstration of this 
is found in subacute sclerosing panencephalitis, 
caused by the measles virus. In subacute sclerosing 
panencephalitis, as in other persistent viral infec- 
tions, deposits of immune complexes can be demon- 
strated in the wall of small cerebral blood vessels. The 
presence of immune complexes and the histological 
findings of perivascular edema, inflammation, and 
demyelination provide strong evidence that, in addi- 
tion to the actual invasion by the virus, there is a con- 
temporaneous immune-mediated response to this 
virus which is responsible for much of the tissue dam- 
age. The same could be true for subacute AIDS en- 
cephalitis and tropical spastic paraparesis due to 
HTLV-1 infection. 

Selective neuronal and/or glial damage in infec- 
tious disorders and the predilection for particular ar- 
eas (topistic areas) is in most cases difficult to under- 
stand. Experience has taught that herpes simplex 
virus has an affinity for the frontal and temporal 
lobes; fungal infections attack primarily gray matter 
structures; Haemophilus influenzae has a preference 
for cortico-subcortical areas; cytomegalovirus (CMV) 
encephalopathy and AIDS encephalopathy in adults 
are predominantly located in the cerebral white mat- 
ter and spare the U fibers. There is often a consider- 
able difference between the course of a disease and 
the predilection sites between congenital infections 
and infections acquired later, after birth. A good ex- 
ample is the difference between congenital, connatal, 
and adult CMV infection, and between congenital and 
postnatal toxoplasmosis. 

In some infections the preferential location is sim- 
ply related to the porte d'entree. For example, infec- 
tions that involve the leptomeninges will enter the 
brain via the Virchow-Robin spaces and are located 
predominantly in the cortex (Haemophilus influen- 
zae) and in the basal ganglia (Cryptococcus neofor- 
mans) or both. In herpes simplex virus, a primary 
infection in the throat or mouth is followed by the 
persistent presence of latent virus in sensory ganglia 
and possibly also in the brain, after entry via the 
olfactory route. Following activation of the latent 
virus, direct spread may explain the frontotemporal 
predominance. Within the affected area, herpes sim- 
plex virus infects all types of cells. 



For many viruses a necessary condition for the 
entry into cells is the availability of specific receptor 
molecules at the surface of such cells. The distribu- 
tion of these receptor molecules will largely deter- 
mine the specific regions of the brain preferentially 
attacked by the virus and the population of cells in the 
affected regions that are injured or destroyed. Some 
viruses like JC papovavirus, responsible for progres- 
sive multifocal leuko encephalopathy, infect oligoden- 
drocytes with sparing of the neurons. This explains 
the affinity of this virus for white matter. Rabies virus 
has great affinity for the cerebellum and limbic sys- 
tem, whereas poliomyelitis affects the motor nuclei in 
the cortex, brain stem, and anterior horns of the 
spinal cord. Creutzfeldt- Jacob disease, caused by pri- 
ons, has been shown by MRI to affect in particular the 
basal ganglia. These differences in topographical dis- 
tribution are considered to be the result of specific 
receptor interactions. 

Viruses enter the cells of the host either by fusing 
with the plasma membrane and discharging their 
contents directly in the cytosol, or by being internal- 
ized through the endocytotic pathway. The first way is 
used by herpes simplex and corona viruses. Internal- 
ization does not have special requirements in these 
cases. Other viruses do not have this option and have 
to follow the other path, involving binding to a recep- 
tor and collection of receptor-ligand complexes at 
the cell membrane. The viruses are then transported 
within endocytotic vesicles. After penetration of the 
cell membrane, the replicative machinery of the virus 
itself comes into play. Using the host cell system of 
nucleic acid (DNA/RNA) replication and transcrip- 
tion, viruses can replicate and transcribe their DNA 
or RNA and in so doing multiply themselves; the new 
virus particles leave the cell in search of new host 
cells. Ultimately the balance between the viral ma- 
chinery and the host immune system will determine 
the outcome of the infection. 

In the noninfectious inflammatory disorders other 
mechanisms play a role in invoking the host response, 
not all of which are well understood. The inflamma- 
tory reactions may be triggered by "primary" autoim- 
mune reactions, in which autoantibodies are primar- 
ily directed against autoantigens, as is the case in vas- 
culitis of the CNS, in systemic lupus erythematosus, 
Behcet disease, giant cell arteritis, and rheumatoid 
vasculitis. The hypothesis is that these primary auto- 
immune disorders are the result of a dysfunction of T 
cell regulation. The inflammatory response in the 
CNS may also be secondary to an infectious disease 
elsewhere in the body or a vaccination. Mycoplasma 
infections of the lung, for example, may lead to an 
acute disseminated encephalomyelitis, caused by the 
formation of antibodies that cross-react with CNS 
antigens on myelin membranes or surface molecules 
of CNS cells. This reaction resembles in many re- 
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spects the experimental allergic encephalomyelitis 
provoked by immunization with components of the 
myelin membrane (basic myelin protein, for exam- 
ple). Such a secondary autoimmune response proba- 
bly also forms the basis of several paraneoplastic syn- 
dromes of the CNS, such as limbic encephalitis, and 
Purkinje cell degeneration. Here, too, the hypothesis 
is that antibodies formed against tumor antigens 
cross-react with structural components of the CNS. 

As far as the involvement of myelin in inflammato- 
ry and infectious disorders is concerned, several bio- 
mechanisms can be distinguished: 
• Immune reaction against one of the components 
of myelin. This occurs in acute disseminated en- 
cephalomyelitis. This condition can be simulated 
in an animal model, experimental allergic en- 
cephalomyelitis. In this experimental condition 
the animal has been sensitized against basic 
myelin protein. 



• Specific infection of oligodendrocytes leading to 
cell death and subsequent loss of the myelin 
sheath extension of the oligodendrocytes. This is 
the case in progressive multifocal leukoen- 
cephalopathy. 

• Myelin can also be an innocent bystander and be- 
come a victim in a process that hits all white mat- 
ter components and possibly gray matter as well. 
This occurs in a multitude of infections, such as 
those caused by Haemophilus influenzae and her- 
pes simplex virus, and in toxoplasmosis. 

• Finally, dysmyelination may be the consequence of 
infectious or inflammatory changes to unmyeli- 
nated white matter, damaging the white matter 
matrix. Most of the congenital infections can have 
this effect, often in addition to other visible struc- 
tural lesions. 
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79.1 Clinical Features 

and Laboratory Investigations 

Multiple sclerosis (MS) is the most common demyeli- 
nating disorder of the CNS. The peak incidence is at 
30 years of age. MS rarely commences in childhood or 
after the age of 50 years. Females are affected twice as 
often as males. MS shows a characteristic geographi- 
cal distribution. It is rare in tropical areas and in- 
creases in frequency at higher latitudes. It has been 
estimated, for example, that the prevalence in the 
United States varies from 6-14 per 100,000 inhabi- 
tants in the southern states to about 40-60 per 
100,000 inhabitants in the northern states. No definite 
relationship has been established with the climatic 
characteristics of the latitude. Within this overall lat- 
itudinal distribution a rather large range of inci- 
dences of MS has been observed at the same latitudes. 
Occasionally clusters of MS have been reported. In 
these instances a remarkable number of patients 
acquire MS within a short period of time (a few 
months). Etiological factors for these MS pockets are 
as yet unknown. Sometimes such clusters of MS as- 
sume the proportions of an epidemic, the incidence of 
MS rising over a period of several years in a large 
area. In these cases the nature of the introduced envi- 
ronmental factor or factors still remains to be eluci- 
dated. The importance of environmental factors is 
stressed by the findings of migrational studies. A de- 
crease in the risk of developing MS has been noted in 
young individuals migrating from high-risk to low- 
risk areas and an increase in risk after migration from 
low-risk to high-risk areas. Such changes in risk have 
not been found in older individuals, and the data sug- 
gest that the risk of acquiring MS is largely estab- 
lished around the age of 15. There is also strong evi- 
dence of a genetically influenced susceptibility to MS. 
In general, first-degree relatives of probands have a 
risk that is 30-50 times greater than the risk for the 
general population. 

A number of variants of MS can be distinguished: 
classical MS (also called Charcot type), neuromyelitis 
optica (NMO, or Devic disease), concentric sclerosis 
(CS, or Balo disease), and diffuse sclerosis (DS, or 
Schilder disease). 

The clinical presentation of classical MS is ex- 
tremely variable. The extreme acute progressive form 
(Marburg type) is rare. For the more slowly develop- 
ing forms it has become usual to distinguish four 



main types. In most patients the disease starts with a 
relap sing-remitting course (RR), defined by the oc- 
currence of relapses clearly separated in time, with 
stable intervals in between. Disability in RR patients 
develops because recovery between relapses is in- 
complete; in two-thirds of the patients the relapsing- 
remitting phase is followed by a secondary progressive 
course (SP) with increasing disability as measured on 
a disability scale over a period of 12 months. Finally 
there is a primary progressive form in 10-15% of the 
patients, with progressive disability from the onset. In 
this group the disease usually starts later and the fe- 
male preponderance is less evident (Lublin and Rein- 
gold 1996). The term benign form (BF) is used when 
after initial relapses and remissions no further pro- 
gression occurs and the patient is neurologically fully 
functional 15 years after the first symptoms. Special 
attention has been given in the last decade to patients 
with a clinically isolated symptom (CIS) because of 
the potential to delay or prevent the possible progres- 
sion to MS with early treatment. Finally, tumefactive 
forms of MS present with symptoms of a space-occu- 
pying lesion. Medical history, the presence of other 
clinical symptoms or lesions on neuroimaging, and 
the therapeutic effect of corticosteroids may help in 
establishing the correct diagnosis. 

In classical MS, clinical signs and symptoms are re- 
lated to lesions present in various tracts of the CNS. 
Most last for days up to months or are permanent. 
Sometimes symptoms of extremely short duration 
occur, lasting for seconds to hours. Common features 
are fatigue, impairment of vision due to optic neuri- 
tis, motor disturbances caused by pyramidal tract in- 
volvement, sensory disturbances including Lher- 
mitte's symptom, cerebellar ataxia and dysarthria, 
diplopia, micturition problems, sexual disturbances, 
hearing loss, vertigo, and balance abnormalities. Less 
common are epileptic seizures, signs of peripheral 
neuropathy, trigeminal neuralgia, hemifacial spasms, 
and dementia, although some degree of cognitive im- 
pairment is present in up to half of MS patients. There 
is almost always a tendency for the frequency of 
episodes to decrease as time passes, or for the pro- 
gression in the progressive form to slow down. 

The extent of the resulting disability is extremely 
variable. In general, it appears that the average life ex- 
pectancy in young patients after the onset of MS is 
about 35 years. About 60-70% of patients remain am- 
bulant. Long-term prognosis is not influenced by 
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pregnancy, illness, or anesthesia. Patients with many 
relapses in the early phase more rapidly acquire a 
severe state of disability than those with less frequent 
relapses (Confavreux et al. 2000). A large number of 
hyperintense lesions on T 2 -weighted images is also 
indicative of more rapid deterioration. When more 
than 10 lesions are present, the EDSS score within 4 
years will be higher than 6, which means inability to 
walk without support. Abnormal evoked responses in 
the early phase of the disorder are also indicative of a 
poor prognosis. It should, however, be noted that 
these predictors are rather weak. 

NMO (neuromyelitis optica or Devic disease) is a 
clinical syndrome consisting of optic neuritis, often 
bilateral with total blindness, in combination with 
transverse myelitis, which usually has a thoracic lo- 
calization. The optic neuritis and transverse myelitis 
either occur simultaneously or are separated by a 
brief interval of several days to several weeks. Men 
and women are affected more or less equally. The age 
of patients ranges from 5 to 65 years, but patients are 
rarely older than 50 years. The group most common- 
ly affected is young adults. This disease occurs most 
frequently in the Asian population, where the overall 
incidence of MS is low. The prognosis is rather poor. 
Until recently, about 15-20% of patients died in the 
acute stage due to an ascending spinal disorder with 
respiratory paralysis; another 30% died with compli- 
cations after many months. A poor neurological out- 
come with severe disability is reported in another 
15% of patients. Complete or nearly complete recov- 
ery is found in about 35 %. Improved supportive care 
has reduced mortality and residual disability. About 
half of the surviving patients experience no recur- 
rence of neurological disease; about one-third of the 
remainder suffer a relapse of optic neuritis, one-third 
a relapse of optic neuritis and transverse myelitis, and 
one-third develop a multifocal white matter disease. 

Wingerchuck et al. (1999) formulated absolute cri- 
teria and supportive criteria for the diagnosis NMO. 
The absolute criteria are: optic neuritis, acute myelitis, 
and no evidence of clinical disease outside the optic 
nerve and spinal cord. Supportive criteria are subdi- 
vided into major and minor support criteria. Major 
support criteria are: negative brain MRI at onset; MRI 
lesions in the spinal cord extending over more than 
three vertebral segments; and CSF pleocytosis >50 
white blood cells/mm 3 . Minor supportive criteria are: 
bilateral optic neuritis; severe optic neuritis with 
fixed visual acuity of less than 20/200 in at least one 
eye; and severe, fixed, attack-related weakness in one 
or more limbs. 

CS (encephalitis periaxialis concentrica or Bald 
disease) is a very rare MS variant, which usually af- 
fects young adults. For unknown demographic rea- 
sons there is a much higher incidence in the Philip- 
pines. Both sexes are affected more or less equally. 



Compared to classical MS, CS runs a more rapidly 
progressive, usually monophasic course. The initial 
symptoms are often suggestive of a stroke; less fre- 
quently psychiatric symptoms predominate. The neu- 
rological symptoms are sometimes associated with 
fever and headache and then resemble the clinical 
picture of an infection or tumor. The disease is pro- 
gressive and can be fatal, usually as a consequence of 
respiratory problems and infection. A more pro- 
longed survival for several years has also been report- 
ed. 

DS (encephalitis periaxialis diffusa or Schilder dis- 
ease) is a demyelinating disease related to MS, which 
primarily affects children. Clinical features are intel- 
lectual impairment, epileptic seizures, signs of pyra- 
midal tract involvement (occasionally unilaterally 
with hemiplegia), cerebellar ataxia, visual impair- 
ment (caused by retrobulbar neuritis or demyelina- 
tion of the occipital lobes), pseudobulbar palsy (lead- 
ing to problems with speech and swallowing), deaf- 
ness, diplopia, extrapyramidal movement abnormali- 
ties, and incontinence. A predominantly psychiatric 
symptomatology is relatively frequent. In most cases 
there is rather rapid progression of neurological signs 
over the course of 1-2 years. In a minority, the de- 
myelinating process is fulminant and accompanied 
by cerebral edema. Rarely, the course of disease is 
characterized by exacerbations. In exceptional cases 
significant and prolonged improvement occurs; an 
arrest of the disease is observed in exceptional cases. 

Definite diagnosis has always been a problem in 
MS. The clinical features may mimic many other neu- 
rological disorders, including ischemic disorders, 
neoplastic diseases, vasculitides, granulomatous dis- 
eases, and infections. Definitive diagnostic tests are 
lacking. This diagnostic uncertainty has led to the de- 
finition of diagnostic criteria. In 1965, Schumacher 
was the first to draw up clinical criteria for the diag- 
nosis of definite MS. The basic idea behind these cri- 
teria is that there must be symptoms and objective 
signs of multifocal white matter disease with dissem- 
ination in space and time, for which there is no better 
neurological explanation. These criteria have been re- 
peatedly modified, and clinical criteria for possible 
and probable MS have been added (Rose et al. 1976). 
In 1983, Poser et al. were the first to draw up diagnos- 
tic criteria that were not completely clinical but incor- 
porated supportive laboratory data (CSF abnormali- 
ties) and paraclinical evidence of multifocal white 
matter lesions (CT and evoked responses). Since that 
time, MRI has become more generally used and has 
acquired a prominent role as a paraclinical test. MR 
has the possibility to prove dissemination in time (by 
new enhancing lesions or new T 2 lesions) and dissem- 
ination in space (by multiple brain and spinal cord lo- 
calizations). In the most recently proposed diagnostic 
criteria for multiple sclerosis by McDonald et al. 
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Table 79.1 . Criteria for diagnosis of MS (McDonald et al. 2001 ) 
Clinical presentation 

Two or more attacks; objective clinical evidence 
of 2 or more lesions 

Two or more attacks; objective clinical evidence of 1 lesion 



One attack; objective clinical evidence of 2 or more lesions 



One attack; objective clinical evidence of 1 lesion 
(monosymptomatic presentation; clinically isolated syndrome) 



Insidious neurological progression suggestive of MS 



Additional data needed for MS diagnosis 

None 

Dissemination in space, demonstrated by MRI 

or 

Two or more MRI-detected lesions consistent 

with MS plus positive CSF 

or 

Await further clinical attack implicating a different site 

Dissemination in time, demonstrated by MRI 

or 

Second clinical attack 

Dissemination in space, demonstrated by MRI 

or 

Two or more MRI-detected lesions consistent with MS 

plus positive CSF 

and 

Dissemination in time, demonstrated by MRI 

or 

Second clinical attack 

Positive CSF 

and 

Dissemination in space, demonstrated by: 

(1) Nine or moreT 2 lesions in brain 
or 

(2) 2 or more lesions in spinal cord 
or 

(3) 4-8 brain lesions plus 1 spinal cord lesion 
or 

Abnormal VEP associated with 4-8 brain lesions, 
or with fewer than 4 brain lesions plus 1 spinal 
cord lesion demonstrated by MRI 
and 

Dissemination in time, demonstrated by MRI 
or 

(4) Continued progression for 1 year 

If criteria indicated are fulfilled the diagnosis is "multiple sclerosis" (MS); if the criteria are not completely met, the diagnosis is 

"possible MS." If the criteria are fully explored and not met, the diagnosis is "not MS." 

No additional tests are required; however, if tests (MRI, CSF) are undertaken and are negative, extreme caution should be taken 

before making a diagnosis of MS. Alternative diagnoses must be considered.There must be no better explanation for the clinical 

picture. 

MRI demonstration of space dissemination must fulfill the criteria derived from Barkhof et al. (1 997) and Tintore et al. (2000). 

"Positive CSF" is determined by oligoclonal bands detected by established methods (preferably isoelectric focusing) different 

from any such bands in serum, or by a raised IgG index. 



(2001), these MRI criteria have been formalized. The 
MRI criteria for dissemination in space are based on 
the Barkhof criteria (Barkhof et al. 1997) with a mod- 
ification as proposed by Tintore et al. (2000). These 
new MRI criteria have been validated and make an 
earlier diagnosis of MS feasible without sacrificing 
accuracy (Barkhof et al. 2003; Dalton et al. 2003). 
Table 79.1 summarizes the diagnostic criteria as rec- 
ommended by the International Panel on the Diagno- 
sis of Multiple Sclerosis. 

Valuable laboratory findings supporting the diag- 
nosis of MS are oligoclonal bands in the CSF and an 
increased IgG index as a sign of increased synthesis of 
IgG within the blood-brain barrier. The sensitivity of 
assessment of the IgG index in MS is about 80% and 



that of oligoclonal banding about 90%. The specifici- 
ty and predictive value of these CSF investigations are 
highly dependent on the so-called pretest probability 
of MS. The problem is that a number of diseases mim- 
icking MS, such as infections, acute disseminated en- 
cephalomyelitis, and vasculitis, are apt to lead to an 
increased production of IgG in the CSF with oligo- 
clonal banding. It should also be noted that some pa- 
tients with clinically definite MS have a normal IgG 
index and lack CSF oligoclonal bands. Levels of CSF 
IgM and IgA may also be elevated in MS. The CSF pro- 
tein content may be slightly raised, but very rarely 
exceeds the level of 1 g/1. The white cell count may be 
increased, but only in exceptional cases is it higher 
than 20 cells/ml. Another CSF abnormality may be an 
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elevation of myelin basic protein in active MS. Its lev- 
el is normal in stable MS. The finding of increased 
amounts of myelin basic protein is indicative of active 
demyelination and as such not specific for MS. Re- 
cently analysis of antibodies against myelin oligoden- 
drocyte glycoprotein and myelin basic protein in pa- 
tients with clinically isolated symptoms predict for 
early conversion to clinically definite MS (Berger et al. 
2003). Free light chains of immunoglobulins and the 
k:X light chain ratio may be increased in the CSR In- 
creased CSF free k chains appear to be relatively spe- 
cific for MS. Abnormally high levels have been found 
in 85 % of patients with clinically definite MS, in 20 % 
of patients with CNS infections, and only exceptional- 
ly in noninfectious controls. Concentrations of solu- 
ble adhesion molecules, sVCAM-1 and sICAM-1, in 
serum and CSF correlate with activity of MS, as indi- 
cated by gadolinium-enhancing lesions on MRI, and 
may possibly be used as a surrogate marker for dis- 
ease activity. 

A number of changes in the subset distribution of 
T lymphocytes has been reported in the peripheral 
blood of MS patients. CD (cluster of differentiation 
markers on hematopoietic cells) 4+ T cells (T helper- 
inducer cells) can be subdivided in two mutually ex- 
clusive subsets: "naive" cells that have not yet been 
stimulated, and "memory" cells that have been stimu- 
lated before. These subsets can be recognized by dif- 
ferences in CD antigens. Memory cells can produce 
large amounts of cytokines after activation and show 
increased expression of a set of adhesion molecules, 
sVCAM-1 and sICAM-1. In the peripheral blood of 
patients with active MS, naive cells are decreased in 
number; in inactive MS this fraction is normal. In the 
peripheral blood of patients with active MS, lympho- 
cytes have been found with a higher expression of the 
activation marker CD26 than in patients with inactive 
MS and healthy controls. In CSF of active MS patients 
CD4+ T cells are relatively over-represented as com- 
pared to CD4+ T cells in peripheral blood. Among the 
CD4+ T cells in the CSF, memory cells are increased 
whereas naive cells are almost absent. Subset changes, 
therefore, may reflect disease activity and can be used 
for monitoring purposes. Increased numbers of TNF- 
producing T cells are associated with an enhanced 
rate of lesion development on MRI (Killestein et al. 
2001). More recently, the role of CD8+ T cells (sup- 
pressor-cytotoxic cells) has been reinforced, and 
again relationships with MRI lesion development 
have been found (Killestein et al. 2003). Further ex- 
aminations are required to reveal the significance of 
these findings. 

Other tests often used in the diagnostic assessment 
of MS are the visual, sensory and auditory evoked po- 
tentials (VEP, SSEP, and BAEP). These tests are helpful 
in detecting silent white matter lesions, thus provid- 
ing evidence of multifocal white matter involvement 



in cases of clinically indefinite MS. VEPs and SSEPs 
appear to have a higher diagnostic yield than BAEPs. 
However, abnormalities are nonspecific and must be 
interpreted with care in the context of the clinical pic- 
ture. 

In NMO, CSF abnormalities are similar to those in 
MS, with the exception of a more common occur- 
rence of lymphocytic pleocytosis. 

Laboratory examinations in CS rarely yield much 
information. CSF usually reveals no pleocytosis, 
sometimes an increased amount of red blood cells. 
Total protein is only occasionally elevated. 

In DS the CSF is often normal, but slight lympho- 
cytosis is occasionally found. The protein level is not 
infrequently elevated, as is the IgG index. Oligoclonal 
bands have been reported. 



79.2 Pathology 

Usually the external appearance of the brain is rela- 
tively normal in MS. In chronic cases slight atrophy 
may be present with widening of sulci and slight en- 
largement of the ventricular system. Occasionally 
firm, depressed lesions are seen on the surface of the 
brain stem, spinal cord, and in the optic nerves. On 
sectioning, numerous lesions of varying size become 
apparent in the white matter of CNS. Even more are 
revealed by microscopic examination, especially if 
MRI-guided. The distribution of plaques varies great- 
ly among MS patients, but the following are recog- 
nized as preferential localizations: the periventricular 
white matter, in particular the lateral angles of the lat- 
eral ventricles, floor of the fourth ventricle, cerebellar 
peduncles, cervical part of the spinal cord, and the 
optic nerves. In severe, long-standing cases, numer- 
ous lesions are found in most parts of the CNS. Al- 
though the distribution of lesions is not precisely 
symmetrical, predominant involvement of one hemi- 
sphere is rare. A significant proportion of the plaques 
are found in the border zone between gray and white 
matter. The extent of cortical involvement has been 
underestimated for a long time. They are found with 
rigorous myelin stains (e.g., using antibodies against 
myelin basic protein or proteolipid protein), because 
the normal amount of myelin in the cortex is minimal 
and classical inflammatory changes are lacking 
(Peterson et al. 2001). In many cases a diffuse subpial 
demyelination can be found (Bo et al. 2003). 

Microscopically, the earliest stage of the MS plaque 
consists of perivenular lymphocytic infiltration. Such 
lesions are now found more easily using postmortem 
MRI as a guide (De Groot et al. 2001). The subsequent 
stage is characterized by more diffuse tissue infiltra- 
tion by inflammatory cells and macrophages associ- 
ated with edema, demyelination, proliferation, and 
hyperplasia of astrocytes, and appearance of in- 



570 Chapter 79 Multiple Sclerosis 



creased numbers of lipid-laden macrophages and 
demyelinated axons. Axonal damage already occurs 
during the phase of acute demyelination. Loss of 
myelin and oligodendrocytes eventually becomes 
complete. As plaques enlarge and coalesce, the 
perivenular distribution becomes less apparent. Al- 
though variable between patients, axonal damage can 
be extensive from early on. In the course of time, 
axonal loss can become very substantial (Bjartmar et 
al. 2003). In the gray matter plaques, too, the myelin is 
predominantly affected and neuronal cell bodies are 
largely preserved. In lesions of several months' dura- 
tion, inflammation is far less pronounced, fewer lipid- 
laden macrophages are seen, and fibrillary gliosis be- 
comes increasingly prominent. Chronic-inactive MS 
plaques have a sharply demarcated border and are 
hypocellular, demyelinated, and gliotic with almost 
total oligodendrocyte loss. Inflammatory cells and 
lipid-laden macrophages are no longer present. The 
remaining elements are axons and astrocytic process- 
es. Axonal damage has led to wallerian degeneration, 
which is most evident in the long tracts. Rarely is the 
damage sufficiently severe to produce a cyst. In the 
same patient lesions of different ages are present. 

In MS, plaque-like areas are observed, in which 
myelin has not completely disappeared, and which do 
not have the appearance of the typical plaque. These 
lesions are called shadow plaques. The myelin sheaths 
in these plaques are abnormally thin and are of rela- 
tively uniform thickness. The internodes are short. 
The number of oligodendrocytes is increased in the 
lesion. These features are characteristic of remyelina- 
tion, and so the shadow plaques probably represent 
areas of remyelination. 

The description as given fits the relapsing-remit- 
ting form of MS. Histological examination is usually 
performed in patients who have suffered from the 
disease for a long time. An exception is the acute form 
of MS, in which the lesions are days to weeks old and 
show acute inflammatory and demyelinating changes. 
As a consequence of the lack of early histological in- 
formation, there is no parallel description of histol- 
ogy in some clinical MS subtypes, such as benign MS. 
In primary progressive MS more diffuse demyelina- 
tion with more diffuse and less intense inflammation 
is found. A mixture of the multiple lesions and the dif- 
fuse pattern is seen in patients in whom the disease 
was initially relapsing-remitting, but secondarily be- 
came progressive in its course. 

Immunocytochemical studies have demonstrated 
that the inflammatory cells of acute MS plaques are 
mainly macrophages and lymphocytes, with few plas- 
ma cells. Macrophages stain positive for the major 
histocompatibility complex (MHC) class II, which 
implies a role for these cells in local antigen presenta- 
tion to T cells. The T cells present are a mixture of 
CD4+ (helper-inducer) and CD8+ (suppressor-cyto- 



toxic) T lymphocytes. Initially these T lymphocytes 
are predominantly present in the center of the plaque, 
but as the lesion enlarges, T cells move to the periph- 
eral part of the lesion. The CD4+ cells invade the nor- 
mal white matter. The majority of the inflammatory T 
cells in MS are memory cells. The margins of the 
plaque contain predominantly CD8+ cells and in- 
creased numbers of oligodendrocytes and astrocytes. 
With increasing age of the plaque, myelin and 
macrophages disappear from the central part; the 
plaque margins contain lymphocytes, oligodendro- 
cytes, lipid-laden macrophages, and astrocytes, sug- 
gestive of low-grade activity at these margins. In 
chronic-active MS, small numbers of inflammatory 
cells are scattered throughout the normal- appearing 
white matter, suggestive of a diffuse, slow demyelinat- 
ing process. Chronic-inactive MS lesions contain few 
inflammatory cells. In chronically affected tissue an 
interesting recent finding is the presence of T cells 
and their association with heat shock proteins ex- 
pressed on oligodendrocytes. These cells have previ- 
ously been implicated in the pathogenesis of rheuma- 
toid arthritis, but the presence of these cells with still 
unclear function now seems to be a more general 
finding in autoimmunity. They may play a role either 
in tissue repair or in perpetuating the inflammatory 
process. 

In the review of Lassman et al. (2001) four different 
types of histopathological reactions were distin- 
guished, possibly reflecting four different types of MS 
lesions: (1) macrophage-mediated, with T-cell-medi- 
ated inflammation as a putative mechanism; (2) anti- 
body-mediated, with T-cell-mediated inflammation 
with complement-mediated lysis of antibody-target- 
ed myelin as a putative mechanism; (3) distal oligo- 
dendrogliopathy, with T-cell-mediated small vessel 
vasculitis with secondary ischemic damage of the 
white matter as a putative mechanism; and (4) prima- 
ry oligodendrocyte damage and secondary demyeli- 
nation, with T-cell-mediated inflammation and de- 
myelination induced by macrophage toxins on the 
background of metabolically impaired oligodendro- 
cytes as a putative mechanism. It is clear that such a 
postmortem classification does not easily translate 
into clinical practice, but it may help a better under- 
standing of the differences between subtypes of MS. 

In NMO the spinal cord, optic nerves, and chiasm 
appear swollen and congested externally if the patient 
has died relatively early in the course of disease. 
Demyelination and inflammation with perivascular 
lymphocytic infiltration and fat granules are seen at 
microscopy. In severe cases necrosis of gray and white 
matter occurs, leading to cavitation. However, at the 
periphery of such lesions the relative sparing of axons 
is evident. Acute lesions may be hemorrhagic. The 
spinal cord lesion is often large and extends over 
many segments, usually in the low cervical and high 
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thoracic areas. Lesions in the conus may also occur. In 
the optic nerves and chiasm extensive loss of myelin, 
gliosis, and some loss of axons occur. As a rule, 
additional areas of demyelination are found in the 
predilectional regions of classical MS, such as peri- 
ventricular areas and brain stem. 

The characteristic lesions in CS are areas of alter- 
nating zones of myelinated and demyelinated tissue, 
either with a concentric pattern or with a more irreg- 
ular arrangement. The size of lesions varies from tiny 
to about 4-5 cm in diameter. The location and num- 
ber of lesions vary widely. Sometimes large areas are 
almost completely involved. The lesions may occur 
anywhere in the CNS; only the spinal cord is rarely 
affected. The rings of the lesion terminate abruptly 
where they contact gray matter. The central core is the 
starting point of the lesion and consists of a venule 
with a cuff of inflammatory cells. In the course of 
time, the central core becomes intensely gliotic. The 
core is surrounded by zones of demyelination, in 
which axons are preserved and myelin is replaced by 
gliosis. With increasing distance from the core, the 
stage of myelin breakdown in the affected zones 
becomes less advanced, and the gliosis is less severe. 
Acute lesions are surrounded by edema. In chronic 
lesions the involved area becomes scarred and at- 
rophic. The concentric lesion may become so disinte- 
grated that it is difficult to recognize. Ultrastructural 
examination of the myelinated zones reveals that they 
are largely composed of thinly myelinated fibers. A 
few normally myelinated and some demyelinated 
axons are also present. These bands contain many 
cells, including oligodendrocytes, lymphocytes, and 
astrocytes. These changes are reminiscent of those 
seen at the edge of a chronic-active MS plaque and are 
interpreted by some as zones of remyelination. 
Throughout the white matter, numerous venules 
show cuffs of inflammatory cells. Very often there are 
also lesions characteristic of classical MS. 

In DS widespread demyelination is found, with 
variable axonal damage in the centrum semiovale of 
both cerebral hemispheres, most often involving the 
occipital lobes. Usually the corpus callosum is also af- 
fected and interconnects the lesions of the two sides. 
The lesions are not completely symmetrical. They 
have a sharp edge. A rim of subcortical white matter 
is commonly preserved, but a lesion may also spread 
into the gray matter. In the acute stage demyelination 
is associated with dense perivascular infiltrates of 
lymphocytes, plasma cells, and lipid-filled macro- 
phages. The myelin disintegration leads to the forma- 
tion of sudanophilic material. Areas may be become 
frankly necrotic, and cavitation may occur. Glial reac- 
tion is present, with giant multinucleated and hyper- 
trophied astrocytes. In cases of long duration, inflam- 
matory cells and macrophages containing sudano- 
philic material disappear. Evidence of wallerian de- 



generation is common. There are not only naked ax- 
ons but also axons partially covered with thin layers 
of myelin as signs of abortive remyelination. 
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Chemical analysis of the composition of MS plaques 
reveals a number of alterations: increase in water, de- 
crease in total lipid, in particular in cholesterol, cere- 
brosides, sulfatides, ethanolamine plasmalogens, and 
serine phosphoglycerides. Cholesterol esters are in- 
creased. In the lesion the major myelin proteins - 
myelin basic protein, proteolipid protein, and myelin- 
associated glycoprotein - are reduced. Myelin basic 
protein is in fact virtually absent from the center of 
most plaques, and the decrease in concentration of 
myelin- associated glycoprotein extends into the nor- 
mal-appearing white matter around the plaque, sug- 
gesting that this protein disappears or is altered be- 
fore myelin breakdown starts. The protein losses in 
the plaque are accompanied by an increase in pro- 
teins of a lower molecular weight, which may be pro- 
teolytic breakdown products. In and around the MS 
lesion proteinases and other hydrolytic enzymes are 
increased. The observed chemical changes in the MS 
plaques are variable and depend on the extent of 
demyelination. An early MS lesion contains more 
myelin and more sudanophilic material, which is bio- 
chemically defined as cholesterol esters. Old plaques 
have no or little myelin left and lack sudanophilic 
material. 

Myelin isolated from the plaque has a composition 
typical of abnormal myelin during aspecific degrada- 
tion. No myelin abnormalities specific for MS have 
been demonstrated. 

Much effort has been devoted to the study of the 
chemical composition of normal- appearing white 
matter in MS. In the first place, the myelin yield of the 
normal-appearing white matter is strikingly low. 
There is a decrease in total lipid, in phospholipids 
(particularly ethanolamine plasmalogens), in both 
galactolipids (cerebroside, and sulfatide), and in 
myelin proteins. Frequently, cholesterol esters are 
found. Several investigators found an elevation of 
hydrolytic enzymes in normal-appearing white mat- 
ter. These findings are qualitatively similar to those 
observed in MS plaques, but are considerably smaller 
in magnitude. All these data together provide strong 
evidence for the presence of minor microscopic ab- 
normalities of the MS type in the white matter that 
appears macroscopically normal. This suggestion has 
been confirmed by microscopic examination of sam- 
ples of normal-appearing white matter. It is clear that 
the disease process is widespread and not simply re- 
stricted to plaques. There is a general myelin deficit 
throughout the white matter. 
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79.4 Pathogenetic Considerations 

The search for the cause of MS has engaged many in- 
vestigators for many years. Three main lines can be 
distinguished in theories about the etiology of MS: 
one line stressing the importance of immunological 
reactions, the second line pointing to the evidence for 
genetic factors, the third one advocating environmen- 
tal factors. These lines are complementary and not 
mutually exclusive. 

A major theory proposes that MS results from al- 
terations in the immune system. A suggestion in this 
direction came from the observation of some similar- 
ity between MS and experimental allergic encephalo- 
myelitis (EAE) in animals. EAE is induced by immu- 
nizing animals with antigens normally present in the 
CNS myelin, such as myelin basic protein (MBP), pro- 
teolipid protein (PLP), and myelin oligodendrocyte 
glycoprotein (MOG), with an adjuvant containing 
heat-killed mycobacterium to stimulate the innate 
immune system. In about 1-2 weeks the animals de- 
velop encephalomyelitis with perivascular infiltrates 
composed of lymphocytes and macrophages in the 
white matter, followed by demyelination. In mice EAE 
is caused by activated CD4+ T cell lymphocytes spe- 
cific for MBP, PLP or MOG, as proven in vitro and in 
cloning experiments. The lesions of EAE and of MS 
have the character of delayed hypersensitivity reac- 
tions. The sequence of events in EAE and possibly by 
analogy MS could be as follows: autoreactive T cells 
specific for myelin proteins may be present in the cir- 
culation of normal individuals. Immunization with a 
myelin antigen together with an adjuvant leads to T 
cell activation against epitopes of autologous myelin 
proteins. Activated T cells stick to the endothelial lin- 
ing and cross into the cerebral parenchyma. In the 
CNS the activated T cells encounter myelin proteins 
and release cytokines that recruit and activate 
macrophages and other T cells that lead to myelin de- 
struction. EAE has been used to analyze the specifici- 
ty of myelin-reactive T cells and help to define im- 
munodominant regions of myelin proteins that may 
be relevant to MS in humans. 

Abnormalities of immunoregulation and of hu- 
moral and cellular immunity appear to be an impor- 
tant part of the disease process in MS. Inflammatory 
cells - lymphocytes, plasma cells, and macrophages - 
are present in perivascular areas in the CNS in active 
disease and take part in the disease process. In nearly 
all MS patients, there is evidence for an increased syn- 
thesis of immunoglobulins within the blood-brain 
barrier. A low CD8+ T suppressor cell activity and a 
high ratio of CD4+ T helper to CD8+ T suppressor 
cells is present in the blood during exacerbations of 
MS, and also chronically progressive MS patients have 
similar abnormalities of peripheral blood T lympho- 
cyte subsets. The high levels of antiviral antibodies, 



indicative of hyperactive B lymphocytes, and the de- 
ficiency of suppressor T lymphocyte function may be 
signs of a fundamental defect in immunoregulation. 
The role of CD8+ suppressor-cytotoxic cells versus 
CD4+ helper cells has been a point of discussion. 
These subsets interact with specific MHC molecules 
to regulate the immune response. MHC class II 
restricted CD4+ T cells are the major producers of 
cytokines and are associated with delayed- type hy- 
persensitivity and antibody response. MHC class I re- 
stricted CD8+ T cells are associated with cytotoxicity. 
There is evidence that CD4+ cells are the key initia- 
tors of tissue destruction in MS. CD8+ T cells have re- 
ceived less attention, but there is growing evidence 
that MHC class I restricted CD8+ T cell responses 
may have a critical role in the pathogenesis of MS. In 
addition to CD4+ cells, CD8+ lymphocytes are pre- 
sent in active demyelinating lesions, and in fact pre- 
dominate in many lesions. CD8+ T cells recognize 
peptides presented by MHC class I molecules. Adult 
oligodendrocytes express class I MHC molecules and 
do not express class II MHC molecules, even when 
stimulated by interferon-y. This implies that when 
adult oligodendrocytes are targets for T cell reactivi- 
ty, they will probably be recognized by MHC class I 
restricted CD8+ T cells and not by class II restricted 
CD4+ T cells. 

The cause of the immunological alterations in MS 
and their role in the pathogenesis of MS have not yet 
been elucidated. The antibody response in the CSF 
may be an expression of an autoimmune process 
against normal or altered brain constituents. This 
autoimmune process may be idiopathic, or triggered 
by a viral infection or other exogenous or endo- 
genous antigens that cross-react with brain con- 
stituents. Low concentrations of antibodies have been 
demonstrated in the CSF reacting with myelin pro- 
teins, oligodendroglia, glycolipids, and nuclear anti- 
gens, but no single MS-specific antigen that reacts 
with most of the IgG has ever been identified. It is not 
excluded that the observed antibodies are epiphe- 
nomena without pathogenetic importance. Another 
explanation may be that T helper-inducer lympho- 
cytes in MS are activated and autoreactive. Many 
other changes in immune-related factors have been 
observed, such as circulating immune complexes, 
altered levels of cytokines and complement compo- 
nents, and increased prostaglandin synthesis, but the 
significance of these findings is not known. A con- 
vincing observation about the role of immune re- 
sponses in MS has been the decrease in MS-activated 
lesions in pregnant women. There is a sharp decrease 
in lesions in all cases, with a return to the prepregnant 
status in the months after delivery. In another study, 
the beneficial effect of pregnancy was indicated by 
the finding that the mean disease duration before be- 
coming wheelchair-dependent was 50% longer in pa- 
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tients who became pregnant after the first symptoms 
of MS. 

Lymphocytes become activated by an unidentified 
cause and by a multistep process penetrate the 
blood-brain barrier. The capillary endothelial cells in 
the CNS are not fenestrated and are connected 
through tight junctions. The capillary endothelial 
cells express cellular adhesion molecules (V-CAM) 
and class II molecules of the MHC. Activated lympho- 
cytes can pass the endothelial barrier assisted by 
adhesion molecules such as integrins, in particular cx 4 
integrin, which binds to V-CAM. Once the activated 
lymphocytes have extravasated, they still need help in 
passing through a barrier of extracellular matrix con- 
sisting of type IV collagen. T cells are then targeted to 
proteins of the myelin sheath, myelin basic protein, 
myelin oligodendroglial glycoprotein, and prote- 
olipid protein, as well as stress proteins like aB crys- 
tallin, present in the myelin sheath after activation by 
the inflammatory response. T cells produce cyto- 
kines, notably TNF-p and TNF-cx, and then influence 
macrophages, microglial cells and astrocytes to pro- 
duce nitric oxide, a major mediator in inflammatory 
reactions, and osteopontin, a multifunctional protein 
abundantly expressed during inflammation. Macro- 
phages and microglia are induced to phagocytose 
large pieces of the myelin sheath. 

This short and incomplete summary of the initia- 
tion of the inflammatory process is intended to give 
an impression of the complexity of the process, in 
which the role of the many players only gradually be- 
comes clear. Knowledge of this process in detail has 
already opened therapeutic windows and will open 
more in the future. It helps us to understand why 
many therapeutic interventions only yield partial re- 
sults. Much still depends on the unraveling of the pri- 
mary cause of the inflammatory reaction. 

The evidence for genetic factors comes from re- 
ports of familial cases and unusually high-risk fami- 
lies, and from studies which consistently show higher 
concordance rates for MS in monozygotic twins than 
in dizygotic twins. The concordance rate in monozy- 
gotic twins reported in the literature varies from 10% 
to 70 %, and that in dizygotic twins from 2.3 % to 20 %. 
Selection bias probably leads to overestimation of the 
rate of concordance among twins. On the other hand, 
however, a twin sample collected at one point in time 
probably underestimates the concordance rate, as 
more individuals will develop MS in the course of 
time, and the concordance rate will increase with in- 
creased duration of follow-up. The prevalence of MS 
among relatives of MS patients is increased, and the 
increase becomes more pronounced the closer the de- 
gree of kinship to the propositus. This observation is 
consistent with a genetic hypothesis, but common en- 
vironmental experiences with relatives, and especial- 
ly twins, may also play a role. The low overall twin 



concordance rate (a concordance rate of 100% would 
be expected among monozygotic twins if MS were ex- 
clusively genetically determined), and the increased 
prevalence of MS in dizygotic twins as compared to 
siblings (1-6% of the siblings of MS patients are also 
affected) strongly suggests the involvement of envi- 
ronmental as well as genetic factors. 

Further evidence for a genetic component in the 
etiology of MS comes from the observation of associ- 
ations between MS and specific human leukocyte 
antigen (HLA) alleles. The HLA genes encoding for 
these antigens, which are expressed on cell surfaces of 
lymphocytes, are found on the short arm of chromo- 
some 6. The HLA system consists of five loci - A, B, C, 
D, and DR - and each of the HLA loci has a large num- 
ber of alleles. The HLA region can be used as an excel- 
lent genetic marker with known chromosomal loca- 
tion. There is a highly significant association between 
HLA-DR2 and MS and a less strong association be- 
tween HLA- A3 and B7 and MS in Caucasians. How- 
ever, there are great differences in observed HLA as- 
sociations in populations of different racial back- 
ground, and it is clear that the mentioned HLA alleles 
in themselves are neither necessary nor sufficient to 
lead to the development of MS. The meaning of the 
HLA associations is not entirely understood. A likely 
explanation is that the MS-related gene or genes lie on 
the same chromosome as the HLA genes and are in 
linkage disequilibrium with specific HLA alleles. This 
means that certain combinations of alleles occur sig- 
nificantly more frequently than would be expected by 
chance. It is also possible that specific HLA alleles are 
directly involved in the etiology of MS. The HLA sys- 
tem is part of the immune response system. Alleles of 
certain class II genes, HLA DR and HLA DQ, confer 
the strongest risk of MS. In addition to the well-estab- 
lished MHC association, genome-wide screens of 
families with multiple cases of MS also suggest a role 
for several additional unidentified genes, each with a 
modest effect. Transcriptional profiling using gene 
microarrays and large-scale sequencing of tran- 
scripts from MS lesion material reveal expression of 
genes involved in the pathogenesis of acute disease, 
like immunoglobulins, interleukin 6, and osteopon- 
tin. 

It is clear that MS is not a genetically determined 
disease with a Mendelian mode of inheritance. It is 
more probable that multiple susceptibility genes for 
MS exist, and that the expression of subtle changes in 
these genes (polymorphisms) depends on environ- 
mental factors. The chromosomal localization of 
some of the genes determining susceptibility to MS is 
probably in or near the HLA region, or their expres- 
sion depends on the action of certain HLA alleles. A 
method consisting of pooling DNA from MS individ- 
uals and typing these pools for around 60,000 mi- 
crosatellite markers, suggested by Barcellos et al. 
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(1997), was realized in an extensive study known as 
Genetic Analysis of Multiple Sclerosis in Europeans 
(GAMES), described by Sawcer and Compston (2003). 
GAMES is essentially an indirect screen for associa- 
tion and is therefore dependent on the assumption 
that at least some of the markers tested will have alle- 
les in linkage disequilibrium with gene variants that 
influence the susceptibility to MS. All previous ge- 
nomic screens in MS families only suggested linkage 
with 6p21, the area containing the genes for the major 
histocompatibility complex. Although its approach 
has limits and flaws, GAMES may have the potential 
of identifying one or more novel associations outside 
the MHC region at 6p21. 

Epidemiological studies of migrants suggest that 
environmental factors, particularly when present be- 
fore the age of 15 years, are involved in the etiology of 
MS. One of the most important theories about the na- 
ture of the environmental factors speculates on a viral 
etiology. However, a causative virus has never been 
reproducibly isolated from the CNS of MS patients, 
nor has viral antigen been demonstrated in a consis- 
tent fashion. Ultrastructural examination of brain tis- 
sue has never unequivocally revealed virus particles. 
Antibodies to multiple viruses are elevated in the CSF 
of MS patients. It is probable that these antibodies re- 
sult from a nonspecific immunostimulation. It is 
commonly accepted that relapses in MS are often trig- 
gered by infection with viruses. Viruses, such as her- 
pes virus-6, influenza, measles, papilloma virus, and 
Epstein-Barr virus, have genes encoding peptides 
containing amino acid sequences similar to those 
found in the major structural proteins of myelin. An- 
tibodies reacting with protein sequences from these 
microbes may cross-react with components of the 
myelin sheath. T cells also recognize peptide se- 
quences in the myelin sheath that are shared with mi- 
crobial sequences. Once an immune cell is activated, 
either by a foreign microbe or a self-protein, it may 
penetrate the blood-brain barrier and the inflamma- 
tory cascade as described above will follow (Buljevac 
etal.2002). 

The precise nature of the relationship between MS, 
CS, NMO, and DS is not known. The frequent occur- 
rence of histopathological typical MS lesions in CS, 
NMO, and DS provides evidence for essential similar- 
ities in etiology and pathogenesis. In NMO, it is im- 
portant to distinguish the MS-related disease from 
acute disseminated encephalomyelitis and a vas- 
culitic process, especially lupus erythematosus, both 
of which may produce an identical clinical picture 
and a rather similar pathological picture. As NMO is 
relatively frequent in Asian populations, it has been 
suggested that racial-genetic factors lead to a modi- 
fied appearance of MS. 



In CS, some consider the concentric lesion to be a 
variant of an MS plaque in which the center of the le- 
sion represents the initial small focus of acute de- 
myelination, and in which the concentric rings are 
formed by a centrifugal progression of episodes of 
demyelination and remyelination. The zones of pre- 
served myelin within the concentric lesions are sup- 
posed to be formed by episodic remyelination at the 
borders of demyelinating foci, which is followed by 
further centrifugal spread of the demyelination. A 
remarkable difference with MS is that the concentric 
lesion never invades gray matter structures, unlike 
MS plaques. There is, as yet, no explanation for the 
higher incidence of CS in the Philippines. 

Loose and indiscriminate use of the term "diffuse 
sclerosis" (DS) has led to a great deal of confusion in 
nomenclature. Schilder was the first to describe the 
disease in three cases of what he called "encephalitis 
periaxialis diffusa." However, on closer inspection of 
clinical data and neuropathological findings, it was 
concluded that one of these patients probably had X- 
linked adrenoleuko dystrophy and another acute dis- 
seminated encephalomyelitis. Only one patient is now 
considered to be an example of DS. After Schilder 
many authors used the name "diffuse sclerosis" for a 
wide range of unrelated demyelinating disorders. It is 
true that a number of diseases, especially X-linked 
adrenoleuko dystrophy, may be difficult to differenti- 
ate from DS on clinical and pathological grounds 
alone. In these cases, assessment of various enzyme 
activities and ultrastructural examination are indis- 
pensable in establishing the correct diagnosis. In the 
course of time, an increasing number of diseases 
could be distinguished from DS, and some investiga- 
tors have suggested abandoning the term "Schilder 
DS." However, we are of the opinion that the term 
"Schilder DS" should be reserved for myelino clastic 
diffuse sclerosis as a variant of MS. The pathology of 
DS does not differ substantially in its light or electron 
microscopic appearances from the classical dissemi- 
nated form of MS. The only difference involves the di- 
mension of the demyelinating lesions and the rapid 
progression of the process. In 1985, Poser offered the 
following definition of DS: the disease is a subacute or 
chronic myelino clastic disorder resulting in the for- 
mation of one or more, commonly two, roughly sym- 
metrical plaques measuring at least 2 x 3 cm in two of 
the three dimensions, involving the centrum semio- 
vale of the cerebral hemispheres. Other diseases that 
can lead to a similar picture should be excluded. Ac- 
cording to this view, the pathogenesis of DS is largely 
identical with that of MS, and the question is which 
factor is responsible for the difference. It has been 
suggested that the large areas of demyelination may 
be due to the fact that the child's nervous system, be- 
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ing still immature, is more susceptible to an injurious 
agent. It is improbable, however, that the immaturity 
of the brain alone accounts for the difference com- 
pared to classical MS, as classical MS can also occur 
during childhood. 

The correlation between neuropathological lesions 
and clinical signs and symptoms is rather poor in MS. 
There are many silent lesions. Clinically silent lesions 
probably occur when demyelination affects some but 
not all fibers of a pathway, or when remyelination 
occurs. A conduction block occurs in demyelinated 
fibers, but conduction remains intact in unaffected 
fibers. The very transient symptoms in MS are proba- 
bly related to a reduction of the functional reserve of 
a fiber tract for the conduction of nerve impulses be- 
cause of demyelination. Slight alterations of conduc- 
tion capacities, e.g., those due to a rise in body tem- 
perature, may result in the appearance of symptoms 
from a fiber tract in which a plaque has reduced the 
functional reserve but not to less than the minimum 
number of fibers necessary for normal function. Im- 
provement occurs as soon as conduction of electrical 
impulses is restored. Recovery after a relapse is prob- 
ably largely related to remyelination, which leads to 
abolition of the conduction block. 



79.5 Therapy 

The interest in an immunological basis for MS has led 
to the development of a variety of treatments de- 
signed to alter or suppress the immune response. One 
of the first of these studies advocated the use of 
adrenocorticotropic hormone (ACTH) in acute exac- 
erbations. It was demonstrated that ACTH shortens 
the recovery time but does not alter the eventual lev- 
el of recovery. More recent studies indicate that high- 
dose intravenous methylprednisolone also hastens 
recovery, but that the effect on suppression of 
gadolinium-enhancing lesions, used as surrogate 
marker of MS activity, is short-lived. Intrathecal cor- 
ticosteroids did not prove to be any more helpful than 
orally administered corticosteroids. 

More aggressive immunosuppressive agents have 
also been used, such as azathioprine, cyclophos- 
phamide, cyclosporin A, and total lymphoid irradia- 
tion. Plasma exchange has been used in limited stud- 
ies. However, the limited beneficial effects of these 
treatment modalities usually do not outweigh the of- 
ten serious side effects. Recently the intravenous ad- 
ministration of immunoglobulins has been the sub- 
ject of interest. 

Success has been reported with interferon beta- lb 
(IFNB) in relapsing-remitting MS, with significant fa- 
vorable effects on exacerbation rates, times between 
first and second exacerbations, severity of exacerba- 
tions, MS activity, and lesion load as determined by 



MRI. However, IFNB is only partially effective at the 
tested doses. Patients in the high-dose group contin- 
ued to have exacerbations, although at a reduced rate 
and of milder clinical severity. The beneficial effect of 
IFNB is probably due to its ability to inhibit interfer- 
on-y (IFNG) synthesis, to improve defective suppres- 
sor activity in MS patients, and to inhibit MHC class 
II antigen expression induced by IFNG on the sur- 
faces of antigen-presenting cells. Patients in the 
chronic progressive phase still with relapses also 
benefit from continuous IFNB treatment. The indica- 
tions for INFB are relapsing-remitting forms of MS 
and clinically isolated syndromes. Interferons are less 
effective in primary progressive MS and secondary 
progressive MS. 

Mitoxantrone (Novantrone in the US and Canada), 
which belongs to the group of tumor antibiotics, has 
been evaluated in a number of studies. Patients were 
treated with intravenous administration every 3 
months for 24 months. Mitoxantrone was found to de- 
lay the time to first treated relapse and time to disabil- 
ity progression in patients with secondary progres- 
sive disease or progressive relapsing-remitting dis- 
ease. Monitoring of white blood cells and liver func- 
tion remained necessary because of an increased risk 
of infection. 

Copolymer 1, known as glatimer acetate, is a mix- 
ture of polypeptides (L-alanine,L-lysine,L-glutamine, 
and L-tyrosine) that acts as an immunological agent 
and appears to simulate myelin basic protein. It has 
been reported to reduce the number of relapses with 
possible improvement of functional abilities. Its 
greatest advantage is its low toxicity. Glatimer acetate 
stimulates antigen-specific suppressor cells. T cells 
activated by glatimer acetate protect against inflam- 
matory damage by the production of anti-inflamma- 
tory cytokines. It reduces the number of relapses. It is 
effective in MS patients under the age of 16 years. 
Long-term studies indicate that the EDSS score in pa- 
tients treated with glatimer acetate hardly increases 
over the years and that outcome parameters such as 
brain atrophy and black holes show favorable results. 
In MRS studies the AT-acetylaspartate (NAA) increas- 
es with treatment. Probably this effect is due to the in- 
crease of brain-derived neurotrophic factor under 
glatimer acetate treatment. 

The glycoprotein a 4 Pi integrin, also known as very 
late antigen 4 (VLA-4) is expressed on the surface of 
lymphocytes and monocytes and is an important me- 
diator of cell adhesion and transendothelial migra- 
tion. Treatment with an antibody against a 4 integrin 
reduced signs of disease activity and inflammation in 
mice and gave positive results in a small, placebo - 
controlled clinical trial with a humanized monoclon- 
al antibody (natalizumab) (Miller et al. 2003). 

New treatment modalities are based upon the un- 
derstanding of T cell activation and cytokine produc- 
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tion in autoimmune diseases. From a therapeutic 
point of view there are several ways in which exces- 
sive effector functions of activated T cells can be 
counteracted, for instance by injection of monoclon- 
al antibodies against T cell membrane molecules. The 
presence of excessive intrathecal immunoglobulins in 
MS may be related to the activation of CD4+ T lym- 
phocytes, also inducing B lymphocyte production. A 
large multicenter anti-CD4+ antibody trial was start- 
ed, but the lack of efficacy has ended this trial in an 
early phase. As monoclonal antibodies act more se- 
lectively, they may be more effective in suppressing 
disease activity. 

Far fewer therapeutic trials have been performed 
in CD, NMO, and DS. In these groups no reports on 
the effects of INFB or glatimer acetate are available. In 
CD a beneficial effect of prednisone therapy has been 
described, but not consistently. In NMO remarkable 
improvement has been reported under treatment 
with corticosteroids, immunosuppressants, and lym- 
phocyte plasmapheresis. However, due to the very low 
incidence of NMO, no controlled trial has provided 
proof of such favorable effects. In DS a good clinical 
reaction to corticosteroids, ACTH, and immunosup- 
pressants is generally observed. 

Many other attempts have been made to control 
the progress of MS. In this section we discuss some 
prominent endeavors - certainly not all of them - to 
demonstrate the many possible entries to the disease 
process. 

Finally, and also importantly, there are many pal- 
liative measures to ease the problems of MS patients: 
physiotherapy is helpful in keeping the patient mobile 
as long as possible; spasmolytic drugs have a place in 
combating spasticity and bladder dysfunction; and 
antibiotics are necessary in intercurrent infections. 



79.6 Magnetic Resonance Imaging 

MR has obtained a prominent role in diagnosis, fol- 
low-up, therapy monitoring, and research in MS. MRI 
protocols for patients with or suspected of having MS 
depend on the clinical symptoms and the information 
required from the MRI. Different techniques yield 
different information (Table 79.2). 

The most common MRI appearance of the relaps- 
ing-remitting and secondary progressive forms of MS 
consists of multiple lesions with intermediate or low 
signal intensity on T x -weighted images, high signal 
intensity on T 2 -weighted images, isolated or confluent 
or both, with a bilateral but usually not entirely sym- 
metrical distribution, and preferentially located along 
the lateral angles of the ventricles in the efferent and 
afferent tracts of the corpus callosum (Figs. 79.1- 
79.5). Some of these lesions have a typical ovoid form, 
pointing towards the convexity of the brain, known as 
Dawson's fingers (Figs. 79.1, 79.5). This is the result of 
the perivenular distribution of MS lesions. This 
is known from histopathology, but can now also 
be illustrated by high-resolution MR venography 
(Fig. 79.1). The corpus callosum is thinner than usual 
and the inner rim has an irregular border related to 
the presence of lesions. Parasagittal and sagittal T 2 - 
weighted and FLAIR images show this to best advan- 
tage (Fig. 79.5). Other lesions are spread over the 
frontal, parietal, and occipital white matter and, less 
frequently, the temporal lobes. There are no or few le- 
sions in the basal ganglia. Lesions may occur in the 
midbrain (8%), pons (12%), cerebellar hemispheres 
(4%), and medulla oblongata (1-2%). Specific struc- 
tures may be involved, such as the medial longitudi- 
nal fasciculus (clinically presenting as inter nuclear 
ophthalmoplegia), the trigeminal nucleus or emerg- 



Table 79.2. MR sequences that may be included in a protocol with an indication of the MS features in which they are effective. 
This list serves as a general orientation and is not intended to be a protocol applicable to all MS patients. 



Conventional: 

^-weighted, transverse 

T 2 -weighted and proton density, transverse 

FLAIR (2D, 3D) 

^-weighted with gadolinium 

FLAIR sagittal 

STIR 

Proton density, ^-weighted, cardiac gated 

Special: 

MTR or histograms 

DWI, DTI 

MRS 



"Black holesTg ray "holes, prognosis 

T 2 lesions, distribution, lesion load 

Most sensitive forT2 lesions 

Active lesions, blood-brain barrier disruption 

Corpus callosum lesions 

Visual pathways, optic neuritis 

Spinal cord lesions 

Structural integrity, follow-up, research, study of normal appearing white matter 
Structural changes, ADC, FA, fiber tracking 
Chemical composition 



FLAIR, fluid-attenuated inversion recovery; STIR, short tau inversion recovery; DWI, diffusion-weighted imaging; DTI, diffusion 
tensor imaging 
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Fig. 79.1. The upper row of images 
shows left a proton density image 
with a typical ovoid lesion and right 
a ^-weighted image with intravenous 
contrast, with enhancement of the 
lesion. The lower row of images shows 
a special high-resolution technique 
that allows submillimeter venography 
of the CNS.The image on the right 
shows the lesion extending from the 
frontal horn towards the convexity in 
its relation to the local perforating 
vein. From Tan et al. (2000), with 
permission 




ing nerve (presenting as trigeminal neuralgia), and 
the vestibular nucleus (presenting with vertigo) 
(Figs. 79.6 and 79.7). Cortical lesions are often present 
but are difficult to appreciate on MRI. Cortical lesions 
extending into the white matter or lesions located in 
the U fibers are well detectable (Fig. 79.8). Such juxta- 
cortical lesions form an important hallmark of MS on 
MRI and have been incorporated into new diagnostic 
criteria (McDonald et al. 2001, see Table 79.1). 

Depending on the clinical request, contrast may be 
given. Active lesions may enhance. Enhancement in- 
dicates disruption of the blood-brain barrier, proba- 
bly the first local change of a developing MS plaque. 
Inflammation and edema will follow. The enhance- 
ment lasts between 2 and 6 weeks. MRI provides the 
possibility to identify acute, new or reactivated, 
lesions (Fig. 79.9). Enhancing lesions are often used in 
clinical trials as surrogate markers for disease activi- 
ty. Contrast- enhanced MRI can help, not only by 
demonstrating "dissemination in space" with the 
presence of more than one lesion in the CNS at differ- 
ent locations, but by also demonstrating "dissemina- 
tion in time" in showing older nonenhancing or no 



longer enhancing lesions together with new or reacti- 
vated lesions that enhance. The most important role 
of gadolinium-enhanced MRI has emerged as moni- 
toring the efficacy of drug treatment (Figs. 79.10 and 
79.11). Long-term follow-up studies have shown that 
newly appearing gadolinium-enhancing lesions are 
far more frequent than clinical exacerbations in re- 
lapsing-remitting and secondary progressive forms 
of MS. If one accepts gadolinium enhancement as a 
sign of new disease activity, this can serve as a means 
of monitoring the therapeutic response of the disease 
to new drugs. It has been shown that changes in the 
number of gadolinium-enhancing lesions during the 
course of the disease correspond better to changes in 
the EDSS than changes in lesion load on T 2 -weighted 
images. The apparent advantage for therapeutic trials 
is the gain in time and the smaller study population 
one has to examine to obtain statistical significance of 
results. The eventual clinical trial based on clinical re- 
sults can in this way be limited to the most promising 
therapeutic compounds. 

Two manifestations of MS outside the brain de- 
serve special mention: optic neuritis and spinal cord 
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Fig. 79.2. The classical MR pattern of MS. The transverse T 2 - 
weighted series in this 42-year-old woman shows lesions in 
the centrum semiovale, around the lateral upper borders of 



the ventricles, in the corpus callosum, in the mesencephalon, 
the pons, around the fourth ventricle, and in the medulla ob- 
longata. There are no lesions in the basal ganglia 



lesions, because they both require special MRI tech- 
niques. 

The STIR sequence in particular has been effective 
in demonstrating optic neuritis. Other fat saturation 
techniques, using a saturation pulse to suppress the 
fat signal, can be combined with gadolinium en- 
hancement (Fig. 79.12). 



The majority of MS lesions of the spinal cord occur 
in the cervical spinal cord and the conus medullaris. 
In some patients lesions are solely present in the 
spinal cord. They appear most often as high-signal- 
intensity lesions on proton density and T 2 -weighted 
images and may enhance with contrast (Fig. 79.13). 
There is, as a rule, no or very little mass effect. Mass 
effect can, however, occasionally be considerable and 
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Fig. 79.3. Same patient as 
in Fig. 79.2. It is useful in 
patients suspected of having 
MS to include the spinal cord 
in the examination. The 
disability of the patient is 
often also or mainly related 
to the spinal cord lesions 




Table 79.3. Spinal lesions in patients with MS and patients 
with other neurological disorders. The difference is statistical- 
ly significant (Bot et al. 2002) 



Spinal cord 

Other neurological disorders 
(n = 43) 

MS (n = 25) 



Normal Abnormal 



39 



23 



the lesion may then mimic an intramedullary tumor. 
When patients present with symptoms indicative of a 
spinal cord lesion, MRI of the spinal cord may be the 
first requested examination. If a lesion indicative of 
MS is found, an MRI of the brain should follow to look 
for corroborative evidence, in the form of lesions in 
the brain, to support the diagnosis of MS. The great- 
est technical problems in detecting spinal cord MS 
lesions are encountered in the thoracic region. Phased 
array coils have increased the signal-to-noise ratio 
and detail in studies of the spinal cord. Conventional 
dual-echo spin echo sequences with cardiac gating 
yield the best results (Fig. 79.14) (Lycklama a Nijeholt 
et al. 1996). In more than 90% of patients with MS, 
spinal lesions can thus be identified (Figs. 79.15- 
79.17). The detection of spinal lesions also helps in 
the differentiation of MS from vascular lesions 
(Table 79.3; Bot etal. 2002). 



Indications, techniques, and the role of asympto- 
matic spinal cord lesions in the differential diagnosis 
from MS versus other diseases such as vascular dis- 
orders have recently been summarized (Lycklama a 
Nijeholt etal, 2003). 

Many patients with definite MS do not fit the "typ- 
ical" description given above. Nearly anything goes 
with MS. Lesions may show mass effect or become 
cystic. The distribution may not be typical. Criteria as 
suggested by Barkhofet al. (1997), incorporated in the 
McDonald criteria (see Table 79.1), are often helpful 
in establishing the diagnosis. 

Sometimes MS presents with clinical signs of 
raised intracranial pressure and a tumefactive lesion 
on MRI, often enhancing. In quite a few patients this 
observation has prompted a brain biopsy. The pres- 
ence of other white matter lesions and the "open ring" 
sign may lead to the correct diagnosis and manage- 
ment of the patient (Fig. 79.18). The open ring sign is 
often present in large, contrast-enhancing demyeli- 
nating lesions and consists of a partly enhancing ring 
around the lesion (Masden et al. 2000). 

Much attention has also been given to clinical iso- 
lated symptoms (CIS) that may or may not progress 
to MS. This isolated symptom is often optic neuritis, 
but other signs are possible. MRI is a powerful predic- 
tor of the later diagnosis of definite MS, better 
than the presence of HLA-DR2 or CSF oligoclonal 
bands. 
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Fig. 79.4. A 38-year-old woman suspected of having MS. The 
MR picture is compatible with this diagnosis. The transverse 
T 2 -weighted images show lesions around the lateral borders 



of the ventricles and the corpus callosum. There are no lesions 
elsewhere in the brain 



Normal-appearing white matter (NAWM) has be- 
come an important issue in MRI of MS. MR tech- 
niques have confirmed the histopathological and 
chemical observations that white matter that appears 
normal on T r weighted, T 2 -weighted, and FLAIR im- 
ages show diminished structural integrity when mag- 
netization transfer ratios (MTRs) are estimated 
(Fig. 79.19). With diffusion tensor imaging, ADC val- 



ues of normal-appearing white matter are increased 
and FA values lower as compared to normal white 
matter in non-MS patients. Changes in metabolite 
concentrations on MR spectra lead to the same con- 
clusion. 

The relationship between the lesions demonstrat- 
ed on MRI and clinical findings is generally speaking 
poor. In patients with advanced disease of the sec- 
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Fig. 79.5. Same patient as in Fig. 79.4. The upper two rows dis- 
play sagittal and parasagittal proton density images, revealing 
the shape and extent of the lesions in the corpus callosum and 



around the lateral ventricular borders. In this patient, too, mul- 
tiple lesions in the spinal cord confirm the diagnosis 



ondary progressive type, the correspondence be- 
tween the developing atrophy and the number of 
white matter lesions and the EDSS disability score is 
better. 

In estimating the prognosis of MS, so-called black 
holes have been proven to have a special place. "Black 
holes" are MS lesions that appear very dark on T r 
weighted images and bright on T 2 -weighted images 
(Fig. 79.20). The presence of black holes correlates 
better with a poor prognosis than the presence of le- 
sions on T 2 -weighted images and gadolinium en- 



hancement of lesions (Van Walderveen et al, 1995, 
1998). Histopathologically, they correspond to areas 
with severe matrix destruction and axonal loss (Van 
Waesberghe et al. 1999). 

There is a growing interest in remyelination, part 
of the healing process of MS. Some lesions disappear 
from MRI in MS patients with follow-up MRI, where- 
as others do not. The question is whether the disap- 
pearing lesions remyelinate and therefore become in- 
visible, or shrink and turn into little gliotic scars. New 
MR methods may be helpful in answering this ques- 
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Fig. 79.6. Transverse FLAIR series of a 40-year-old woman pre- 
senting with a 6-week history of vertigo attacks. She had pre- 
viously undergone operations on both ears for cholesteato- 



mas. The surprise finding in this patient consisted of lesions 
supratentorially suggestive of MS and a distinct lesion on the 
left side in the vestibular nucleus and nerve 



tion, for example by demonstrating changes in the 
MTR or ADC. Not all lesions that remyelinate neces- 
sarily disappear from the MR image; many maintain 
a high signal on T 2 -weighted images. In a post- 
mortem study, MRI of the 1 -cm-thick slices was used 
to detect lesions (Barkhof et al. 2003). In this study re- 
myelination was found in 42 % of the lesions, the re- 
myelination being partial in 19 % and full in 23 %. The 



conclusion of this study was that T r weighted images 
and MTRs have additional value in distinguishing le- 
sions with and without remyelination (Barkhof et al. 
2003). In addition, ADC values and contrast-en- 
hanced T r weighted images may also hold informa- 
tion in patients with remitting MS (Fig. 79.21). MR 
data obtained in demyelinating lesions induced by 
lysophosphatidyl choline in animals showed high 
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Fig. 79.7. "IVweighted contrast enhanced images in the same patient as in Fig. 79.6.The two enlarged images on the right show 
the enhancement of the lesions in the vestibular nucleus and tract {ring and arrow) 



ADC values in the peripheral edema and moderately 
low values in the center of the lesions in the early 
phase of the lesions. Substantial reduction of ADC 
values occurs in both parts of the lesions with re- 
myelination (Degaonkar et al. 2002). 

Several special MR techniques have been shown to 
be effective in extracting more information on the na- 
ture and degree of structural damage of brain tissue. 
They are mainly applied in research settings and in 
protocols of clinical trials. 

Diffusion-weighted imaging usually reveals a high 
to very high signal in hyperacute lesions and some- 
times low ADC values (Fig. 79.22). It is difficult to 
draw conclusions from that, because the underlying 
mechanism of the signal change in these cases is not 
completely understood. Low ADC values do not cor- 
respond entirely with enhancement, probably be- 
cause enhancement depends on leakage through the 
blood-brain barrier, whereas low ADC values in MS 
lesions more likely reflect the initial inflammatory 
reaction. Low ADC values in MS are not indicative of 
cytotoxic edema. Diffusion tensor imaging and fiber 
tracking may be helpful in demonstrating the repair 



in fiber tracts when remyelination occurs. Other tech- 
niques may also be considered, such as functional 
MRI in combination with fiber tracking. 

Magnetization transfer ratios (MTRs) are often 
used in follow-up studies. Changes in MTR reflect 
changes in structural integrity and correlate with 
axonal damage. MTR histograms of the whole brain 
or segments (white matter, gray matter) are used as a 
tool to measure progression or regression of the dis- 
ease. 

Proton MR spectroscopy ^H-MRS) has added con- 
siderably to the understanding of the pathophysiolo- 
gy of MS. ^-MRS has been performed as a single 
voxel technique or as chemical shift imaging (CSI) in 
acute, subacute, and chronic lesions, and also in nor- 
mal-appearing white and gray matter, in particular in 
patients with relapsing-remitting MS and secondary 
progressive MS. MRS can analyze the biochemical 
changes and their time course. In acute lesions 
choline and lactate increase early in the demyelinat- 
ing process, reflecting inflammation and demyelina- 
tion, followed in most lesions by a decrease in NAA, 
reflecting axonal loss. The amount of NAA loss (be- 
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Fig. 79.8. Juxtacortical lesions are important in a definite 
diagnosis of MS, but can be difficult to identify on MR images. 
In this series of three transverse images tiny lesions are noted 



on the proton density {left) and T 2 -weighted images {middle). 
After contrast injection there is enhancement of one of the 
lesions {arrows) 




Fig. 79.9. On the left a proton density 
image shows multiple lesions, sugges- 
tive of MS.TheTrweighted contrast 
enhanced image on the right shows 
enhancement of some, but not of 
all lesions, confirming dissemination 
in time and dissemination in space 



tween 28% and 66%) reflects the severity of axonal 
damage, and correlates in a later phase with disability 
scores. Especially in patients with secondary progres- 
sive MS, the loss of NAA is more pronounced than in 
the more benign forms of MS. In ^-MRS with short 
echo times an increase in rayo-inositol is seen, reflect- 
ing gliosis. The presence of "lipids" may also be not- 
ed. ^-MRS with metabolite nulling allows further 
identification of these "lipids" at 0.9 and 1.3 ppm and 
identifies them rather as proteins and polypeptides, 
probably products of myelin protein breakdown. 
When confirmed, these resonances can be used as 
markers of myelin fragments. Over time, partial or 
full recovery of NAA losses may occur. Full recovery 
may be seen in patients with mild disease and mild to 
moderate loss of NAA. Choline values decrease from 
high in the initial phase to normal in a period of 2 
years. ^-MRS has shown gray matter involvement as 



well as moderate NAA decrease and choline increase 
in normal-appearing white matter. 

Special variants of MS may have a different MR ap- 
pearance. MS can occur in very young children. As in 
adults, the diagnosis has to be considered when mul- 
tifocal white matter abnormalities are seen, some of 
which may take up contrast after injection. The le- 
sions in young children tend to be larger, more often 
involving the basal ganglia and less often involving 
the lateral borders of the ventricles. Although the 
numbers of childhood MS patients reported are 
small, it seems that the incidence of brain stem le- 
sions is somewhat higher in children than in adults. 
As in adult MS, the contrast uptake disappears after 
several weeks and the lesions become less conspicu- 
ous on T 2 -weighted images (Figs. 79.23-79.25). 

In NMO, one does not necessarily expect lesions in 
the cerebral white matter as the clinical condition 
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Fig. 79.1 0. Series of contrast-enhanced "IVweighted images at the ventricular level, obtained in successive months. Enhancing 
lesions come and go. This type of serial study can be used as surrogate marker for disease activity in MS 



mainly consists of problems of vision (optic neuritis) 
and paraplegia (transverse myelitis). In some cases, 
however, we have found multiple white matter lesions 
in the cerebral hemispheres. These MRI findings are 
in accordance with histology (Fig. 79.26). 

In DS the lesions are large, at least 3 x 2 cm in size, 
mostly localized in the parietal region on both sides 
and, in accordance with the original drawings 
of Schilder, connected via the corpus callosum. From 
the drawings of Schilder's original publication (Fig. 
79.27), one can also conclude that the lesions will ap- 
pear symmetrical in some transverse sections but not 
in all. These lesions spare the arcuate fibers, unless the 
disease is very advanced. After injection of gadolini- 
um there is enhancement of the peripheral active rim 
(Fig. 79.28). It may be difficult to distinguish DS from 
X-linked adrenoleukodystrophy on the basis of imag- 
ing findings. Bilateral, confluent white matter lesions 
connected via the corpus callosum and showing rim 
enhancement are also seen as a rule in X-linked 
adrenoleukodystrophy. However, in the latter disease 
the location of the lesions is preferentially occipital 
and the lesions are usually symmetrical. It is in the 



atypical cases of X-linked adrenoleukodystrophy 
with frontal or parietal, asymmetrical lesions that 
confusion with DS may exist. However, with laborato- 
ry investigations it is easy to distinguish X-linked 
adrenoleukodystrophy from DS. DS is very rare, but it 
should be borne in mind when diagnosing cases of 
severe white matter affection occurring in the first 
two decades of life. 

CS is easily recognizable on MRI and shows alter- 
nating layers of myelinated and unmyelinated fibers, 
leading to a striking appearance (Fig. 79.29). In CS the 
MR images show the ring-like lesions, often already 
visible on the proton density and T 2 -weighted images, 
with an enhancing rim after contrast injection. 

In the differential diagnosis of MS, it is important 
to realize that many other conditions can lead to mul- 
tifocal lesions located chiefly in the white matter with 
prolonged T x and T 2 . They are found in arteriosclerot- 
ic disorders, head trauma, migrainous headache, 
vasculitis (including systemic lupus erythematosus, 
other rheumatoid disorders, and Behcet disease), ear- 
ly metastatic lesions, leukemic deposits in the brain, 
Lyme disease, neurosarcoidosis, toxoplasmosis, and 
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Fig. 79.11. A comparable series 
to that in Fig. 79.1 0 at the level of 
the brain stem, showing the same 
phenomenon 



as age-related white matter changes in the elderly. 
Without further information, MRI cannot always reli- 
ably differentiate between conditions mimicking the 
MR pattern of MS. However, MRI is not the only tool 
which can be used to reach the diagnosis. Clinical 
evidence and the patient's history, age, and laboratory 
findings may suggest a diagnosis other than MS. The 
fact that some of the above-mentioned causes of 



"MS-like" white matter lesions are often seen in the 
fifth and sixth decades of life, and that the incidence 
of MS is low in this age group, argues for the reser- 
vation of MRI as a tool in the classification of MS for 
research mainly in the under-50 age group. Spinal 
imaging may be of considerable help in the differen- 
tial diagnosis of vascular disorders versus MS (Figs. 
79.30, 79.31) (Lycklama a Nijeholt et al. 2003). 
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Fig. 79.1 2. Optic neuritis of the left eye. The coronal STIR im- 
age shows on the right side a normal optic nerve, with signal 
intensity identical to the white matter in the brain. On the left 
side the optic nerve has a bright signal, compatible with an 
active neuritis of the optic nerve 




Fig. 79.13. Spinal imaging is 
extremely important in MS. 
On theT 2 -weighted sagittal im- 
age on the left an intramedullary 
lesion is seen, enhancing on the 
T r weighted contrast enhanced 
image on the right 
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Fig. 79.14. To assure high-quality images 
of the spinal cord special techniques have to 
be employed. In these two images (proton 
density on the /e/ r f,T 2 -weighted on the right) 
cardiac gating was used to eliminate flow 
artifacts. On the proton density image the 
CSF is isointense with the spinal cord and 
the lesions stand out 



Fig. 79.1 5. The same technique is applied 
in this case, demonstrating that even in a 
case with severe atrophy and relatively 
wide CSF spaces, the influence of flow 
artifacts can be minimized. The lesions in 
the atrophic cord are well visible 
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Fig. 79.17. Transverse images of the spinal cord lesions are 
important as well.There are several possible ways of obtaining 
good transverse images. This figure shows a series of sagittal 



T 2 -weighted images combined with a series of transverse 
T 2 -weighted images,demonstrating the position of the lesions 
within the spinal cord structures 



590 Chapter 79 Multiple Sclerosis 




Fig. 79.18. Transverse T 2 -weighted 
image and contrast-enhanced 
T r weighted image to demonstrate 
the "open ring" sign. The lesion shown 
on theT 2 -weighted image is difficult 
to differentiate from a low-grade 
astrocytoma or abscess. After contrast 
the lesion shows ring enhancement, 
but the ring is not fully closed. This 
feature is rarely seen in tumors or 
abscesses, more often in tumefactive 
MS lesions 




Fig. 79.19. These series of images 
represents magnetization transfer 
imaging.The upper row shows 
two transverse images, respectively 
T 2 -weighted {left) andT r weighted 
{right).Jhe lower row shows a 
T 2 -weighted image after a magnetiza- 
tion transfer prepulse {left) and the 
resulting magnetization transfer 
map {right).Jh\s map allows direct 
measurements of the MTR, either 
pixel by pixel or by ROIs 
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Fig. 79.20. Three sagittal FLAIR 
images show typical MS lesions.The 
transverse Trweighted image shows 
"black holes/These images relate to 
a 43-year-old patient with a secondary 
progressive form of MS, now with 
severe disability and cognitive deteri- 
oration. The presence of black holes 
predicts a poor outcome 
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Fig. 79.21. This series of images 
probably illustrates one of the 
MR features of remyelination in a 
remitting patient. Presented are 
two FLAIR images {first row), two 
T 2 -weighted images {second row), 
two Trace diffusion-weighted images 
with a b value of 1 000 mm 2 /s {third 
row) and two ADC maps {fourth row). 
The FLAIR image shows a target 
lesion, with a higher signal centrally 
than the surrounding ring {arrow). This 
lesion has a high signal on the Trace 
diffusion-weighted image and low 
signal intensity on the ADC map 
(0.52-0.64 x 10" 3 mm 2 /s),and no 
enhancement (not shown). The low 
ADC values in this area probably 
represent remyelination 
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Fig. 79.22. The upper row of transverse T 2 -weighted images 
shows a number of lesions in a case of acute MS. The second 
row shows three Trace diffusion-weighted images (b = 1 000), 
in which most of the lesions have a very high signal. The third 



row of Tt -weighted contrast-enhanced images shows contrast 
uptake in some of the lesions.The ADC values in the lesions are 
just below normal 
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Fig. 79.23. MS in a girl of 6 years. The FLAIR images show a 
large lesion on the left side in the centrum semiovale, extend- 
ing into the U fibers. A second lesion involves a large area at 
the right side near the trigonum, extending laterally into the 
basal ganglia, the internal capsule, the medial and lateral 



geniculate bodies,and medially involving the splenium of the 
corpus callosum. There is also a lesion on the right side of the 
midbrain and pons. Courtesy of Dr. M.A.A.PWillemsen, Depart- 
ment of Pediatric Neurology, University Medical Center Nij- 
megen,The Netherlands 
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Fig. 79.24. Same patient as in Fig. 79.23. In children with MS, 
too, imaging of the spinal cord is important. The lesions in the 
spinal cord are well seen on theT 2 -weighted sagittal images; 



the transverse images at the indicated levels give further infor- 
mation about the position of the lesions in the cord 
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Fig. 79.25. Sagittal FLAIR images in a boy of 1 3 years shows the classic pattern of adult MS 
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Fig. 79.26. A set of images illustrating neuromyelitis optica. 
The sagittal "I"] -weighted contrast-enhanced images of the 
spinal cord show severe atrophy of the cord and multiple en- 
hancing lesions.The coronal STIR image of the head shows an 
elevated signal of both optic nerves with atrophy on the left 



side. In this case the images through the head (proton density, 
T 2 -weighted / T 1 -weighted with contrast) show a clinically silent 
lesion with enhancement. In other cases no abnormalities in 
the brain are found 
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Fig. 79.27. Illustration from the original paper of Schilder 
(1 91 2) on DS.The drawings show the extensive, asymmetrical 
involvement of the frontal and parietal lobes, connected via a 
lesion in the corpus callosum 
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Fig. 79.28. A 27-year-old man with a recent acute exacerba- 
tion of neurological signs and symptoms, including hemiple- 
gia, aphasia, headache, and drowsiness. The MR tableau is a 
collage of T 2 -weighted images {upper left) and T r weighted im- 
ages without and with contrast in three planes.Compare espe- 
cially the coronal image with Schilder's diagram (Fig. 79.27). 



Large lesions are seen on both sides in the frontal and parietal 
regions, with an asymmetrical distribution, preponderance on 
the left, and involvement of the corpus callosum connecting 
the lesions on both sides. There is ring-like enhancement in 
the zone of acute inflammation. There was considerable im- 
provement after treatment with corticosteroids 
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Fig. 79.29. A 25-year-old woman 
with CS. MRI shows a large lesion with 
a concentric pattern of rings in the 
white matter of the centrum semio- 
vale on the right side.There is an 
abrupt termination of the concentric 
rings where the lesion abuts on the 
gray matter. After contrast injection 
only the outer rings enhance. From 
Korte et al. (1 994), with permission 
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Fig. 79.30. In patients over 50 years of age, differentiation be- sis MS.The lesions in the spinal cord make this diagnosis more 
tween MS and vascular lesions may be difficult. In this patient certain. (Fig. 79.30 continued see next page) 
the FLAIR images of the brain are compatible with the diagno- 
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Fig. 79.30. {continued). 
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Fig. 79.31 . This 50-year-old patient has a few scattered lesions in the brain. The spinal cord images do not reveal any abnormal- 
ity. This argues strongly against MS (see Table 79.3) 
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Acute Disseminated Encephalomyelitis 
and Acute Hemorrhagic Encephalomyelitis 



80.1 Clinical Symptoms 

and Laboratory Investigations 

Acute disseminated encephalomyelitis (ADEM) is 
an uncommon inflammatory disorder within the 
CNS, predominantly within the white matter of the 
brain and spinal cord. "Postinfectious/postvaccina- 
tion encephalopathy" is a synonym. Poser used the 
term "disseminated vasculomyelinopathy," indicating 
the probably causative small vessel vasculopathy 
(Poser 1969). Many other synonyms exist. 

ADEM and acute hemorrhagic encephalomyelitis 
(AHEM) represent two clinical variants of a single 
pathological process. They follow a viral infection or 
vaccination or occur without recognized antecedent. 
Implicated viral infections are measles, chickenpox, 
rubella, smallpox, infectious mononucleosis, herpes 
simplex, herpes zoster, mumps, influenza, and Myco- 
plasma pneumoniae infection. They rarely occur fol- 
lowing a bacterial infection. A nonspecific upper res- 
piratory tract infection is the most common an- 
tecedent. The latent period varies from several days to 
several weeks, the mean being 4-6 days. Onset of the 
neurological symptoms is often abrupt, with convul- 
sions and progression to somnolence and coma. Ill- 
ness may also commence subacutely with symptoms 
of headache, fever, irritability, drowsiness, and vomit- 
ing. Nuchal rigidity may be present. The neurological 
signs are quite polymorphic and consist of hemiple- 
gia, diplegia or tetraplegia, cerebellar ataxia, cranial 
nerve palsies, optic neuritis, nystagmus, sensory loss, 
and bladder dysfunction. Subcortical blindness is 
rare. Extrapyramidal movement abnormalities such 
as chorea, athetosis, and ballismus occur. The pro- 
gression of the disease is variable. Patients with AHEM 
have a more severe clinical course and progress more 
rapidly into delirium and coma. The highest mortali- 
ty is seen during the first week of the illness, and in 
fact most patients who survive the first week eventu- 
ally recover, with varying degrees of disability. Pro- 
longed disturbances in level of consciousness entail a 
poor prognosis both for morbidity and mortality. 
Possible neurological sequelae include epilepsy, spas- 
tic paresis, ataxia, decreased vision, and cognitive and 
psychiatric disturbances, but many patients have no 
remaining deficits. Most of the neurological syn- 
dromes have a monophasic course lasting several 
weeks. Recurrent attacks of ADEM/AHEM may occur. 
The occurrence of the neurological abnormalities is 



apparently independent of the nature and severity of 
the antecedent infection or immunization. 

There is a close relationship with the Guillain- 
Barre syndrome, and in fact a combination of ADEM 
and Guillain-Barre syndrome has been described. 
Clinically, ADEM can usually be distinguished from 
multiple sclerosis, because it presents with signs of 
severe multifocal involvement of the CNS at the same 
time. If initially monosymptomatic with optic neuri- 
tis, the optic neuritis tends to be bilateral. No clinical 
feature, however, is exclusive to one or the other dis- 
order. 

Laboratory investigations reveal a peripheral 
leukocytosis. The CSF shows pleocytosis. The cellular 
exudate is mainly lymphocytic and rarely exceeds 
100 cells/ml in ADEM. In AHEM the initial cells are 
granulocytic, and erythrocytes are also often seen. 
Glucose concentration is normal. There is usually a 
mild elevation of the CSF proteins, with an oligoclon- 
al banding pattern and a heightened IgG index as 
signs of intrathecal IgG synthesis. An elevated level of 
myelin basic protein is shown, indicating myelin de- 
struction. CSF abnormalities may persist for a long 
time after clinical recovery. Rarely, the CSF is com- 
pletely normal throughout the course of the illness. 
The EEG often shows bilateral slow activity. These ab- 
normalities are nonspecific and add little to the diag- 
nosis. 



80.2 Pathology 

Edema is often the most conspicuous gross finding in 
ADEM, but the external appearance of the brain may 
also be completely normal. Microscopic examination 
demonstrates a diffuse inflammatory process in the 
brain, brain stem, and spinal cord, with inflammatory 
cells around veins and venules. Sometimes the 
perivascular infiltrates are associated with signs of 
vasculitis, showing inflammatory cells in vessel walls 
with or without frank necrosis. The cerebral hemi- 
spheres are usually more or less symmetrically in- 
volved. Both the white matter and gray matter are 
affected, but the white matter shows more severe 
changes. The most distinctive histological change is 
perivascular demyelination. Within the lesions 
myelin sheaths are lost, but the axons are relatively 
unaffected. Occasionally the demyelinating lesions 
are confluent and form large demyelinated areas. At 
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later stages of the disease, the inflammatory exudate 
is replaced by fibrous gliosis. 

In AHEM, necropsy reveals the brain to be swollen 
and soft in consistency. On sectioning, numerous 
small hemorrhages are seen, mainly in the white mat- 
ter. The cerebral cortex and basal ganglia are often 
spared. The hemorrhagic lesions are often but not al- 
ways symmetrical. Confluence of many small lesions 
leads to large hemorrhagic lesions. On microscopic 
examination the abnormalities are seen to be related 
to blood vessels, predominantly small veins but also 
small arteries. There is necrosis of vessel walls, with 
fibrinous exudation, perivascular edema, hemor- 
rhages, neutrophilic granulocytes in the vessel walls, 
perivascular spaces, and adjacent brain tissue, and 
perivascular demyelination. The demyelination is 
usually associated with necrosis and at least some 
loss of axons. In severely necrotic areas all axons may 
disappear. Perivascular demyelination is also seen 
surrounding apparently normal vessels. 

Both in ADEM and in AHEM the severity, type, and 
localization of the pathological changes are unrelated 
to the type of preceding disease. In both syndromes 
the parenchymal pathology is often associated with 
meningeal lymphocytic infiltrates. 



80.3 Pathogenetic Considerations 

The early theories on ADEM and AHEM speculated 
that these syndromes might represent a delayed but 
direct invasion of the CNS by a virus or reactivation 
of a latent virus. There has, however, been a consider- 
able amount of evidence against these theories. The 
pathological changes are fairly uniform and quite un- 
like those of the viral encephalitides, the demonstra- 
tion of viral antigens or viral particles in the brain or 
the CSF being an exception. 

Some observations led to the theory that ADEM 
and AHEM represent an autoimmune response to 
myelin constituents. First of all, the same neurological 
syndrome was found in patients vaccinated with ra- 
bies vaccine grown in rabbit spinal cord. Secondly, a 
comparable neurological syndrome was reported in 
animals after the repeated injection of CNS ho- 
mogenate in combination with Freund's adjuvant. 
This syndrome is known as experimental allergic en- 
cephalomyelitis. Pathologically, the lesions of ADEM 
and experimental allergic encephalomyelitis have 
marked similarities. The white matter shows perivas- 
cular cuffing by inflammatory cells and demyelina- 
tion. The cerebral hemispheres, cerebellum, brain 
stem, and spinal cord are involved. A hyperacute form 
of allergic encephalomyelitis has been induced in an- 
imals with alteration of the immunization regimen. 
Pathologically, more hemorrhagic features are pre- 
sent, similar to AHEM. Sensitization of lymphocytes 



to nervous tissue antigen and especially to myelin ba- 
sic protein has been shown in a variety of postinfec- 
tious neurological disorders, including ADEM and 
AHEM. Experimental allergic encephalomyelitis re- 
sults from T cell sensitization to myelin basic protein. 
The delayed hypersensitivity to myelin basic protein 
leads to an attack on myelin sheaths with subsequent 
demyelination. The demyelination is predominantly 
perivascular as the responsible T cells originate from 
the blood. ADEM and AHEM may represent the 
human counterparts of experimental allergic ence- 
phalomyelitis with breakdown of tolerance to myelin 
antigens. It is possible that the viral proteins serve as 
an antigen that cross-reacts with myelin antigens. It is 
also possible that during the initial phase of viral in- 
vasion there is subclinical involvement of the CNS, 
with release or exposure of sequestered neural anti- 
gens and subsequent sensitization to them. These the- 
ories, however, do not explain the rarity of ADEM and 
AHEM following a viral infection of the CNS, such as 
herpes virus or cytomegalovirus, nor its low inci- 
dence in general. How a wide variety of infections and 
vaccinations can induce similar sensitization to 
myelin antigens has also not been explained satisfac- 
torily. 

An alternative theory stresses the importance of 
the vascular changes, which are almost invariably 
present, and has coined the term "disseminated vas- 
culo-myelinopathy."The detection of circulating anti- 
gen-antibody complexes in the serum of patients 
with a variety of postinfectious neurological disor- 
ders led to the assumption of a vascular lesion due to 
the entrapment of immune complexes in vessel walls 
and the subsequent inflammatory response. Because 
perivascular demyelination can result from vascular 
injury alone, the participation of delayed hypersensi- 
tivity would not be necessary. The presence or ab- 
sence of immune complexes, the size and the number 
of the complexes, and not the antecedent illness 
would thus be the major factor in the development of 
ADEM and AHEM, and the development of delayed 
hypersensitivity to myelin antigens would be merely 
an epiphenomenon resulting from nervous tissue 
damage. However, it is not clear why the nervous sys- 
tem should be preferentially involved in immune- 
complex-mediated vasculitis. Only some indirect evi- 
dence supports this theory: the detection of circulat- 
ing complexes in some patients with various post- 
infectious neurological disorders, the presence of 
systemic features compatible with immune complex 
disease in occasional patients, and the occurrence of 
similar nervous system abnormalities in other hu- 
man disorders caused by immune complexes. Im- 
mune complexes have, however, not been found at 
sites of vessel injury, and it is not impossible that the 
complexes themselves only represent an epiphenom- 
enon. 
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The two hypotheses presented here are not mutu- 
ally exclusive. Immune complex vasculitis results in 
increased vascular permeability. Changes in vascular 
permeability and perivascular inflammation can ei- 
ther alter the antigenicity of myelin or release an anti- 
gen previously sequestered by a competent blood- 
brain barrier. The cell-mediated immune response 
could then perpetuate the damage and lead to de- 
myelination. In some patients perivascular demyeli- 
nation is seen, whereas in others the pathological pic- 
ture is dominated by perivascular necrosis. It is hy- 
pothesized that pure demyelination maybe caused by 
delayed hypersensitivity to myelin antigens alone and 
that necrosis associated with inflammatory infiltra- 
tion occurs when there is production of antibodies 
directed against several components of the brain 
parenchyma. 



80.4 Therapy 

Corticosteroids are central in the management of 
ADEM and AHEM. Dramatic clinical improvement 
may be seen. Relapses may occur when steroids are 
withdrawn, and improvement may then recur when 
steroids are reinstituted. The fact that the improve- 
ment is sometimes absent or only slight may be ex- 
plained by the presence of irreversible structural 
damage prior to institution of the steroid therapy. It is 
recommended that corticosteroid therapy be initiat- 
ed as soon as possible in the treatment of these syn- 
dromes. 

In desperate cases, alternative therapeutic strate- 
gies may include more drastic immunosuppression 
and plasmapheresis. 



80.5 Magnetic Resonance Imaging 

In ADEM, CT scan of the brain shows multifocal or 
diffuse white matter damage, but it may be normal in 
the acute stage, or may remain normal throughout. 
Not all lesions show enhancement after contrast in- 
jection. CT can seldom explain the full extent of clin- 
ical disability, and, conversely, several lesions may be 
seen for which no correlative clinical signs are ob- 
served. Clinical improvement is accompanied by dis- 
appearance of contrast enhancement and complete or 
partial resolution of low-density lesions. 

In AHEM the white matter lesions are character- 
ized on CT by extensive edema with prominent mass 
effect and the presence of hemorrhages. 

MRI in ADEM shows multiple, usually large white 
matter lesions with an asymmetrical distribution 
(Figs. 80.1-80.3). In very extensive cases, in which 
almost all white matter is involved, the asymmetrical 
distribution becomes less clear. Symmetry of lesions 



is exceptional. Smaller, multiple sclerosis-like lesions 
occur in a small number of patients. The lesions have 
a preference for the occipital and parietal area. The 
white matter lesion may "spill into" the cortex with 
some focal cortical involvement (Fig. 80.3). Mass ef- 
fect is rare but tumefactive lesions in the frontal and 
parietal lobes have been described. It should be noted 
that less frequently ADEM presents with involvement 
of the basal ganglia and brain stem (Fig. 80.4). Spinal 
MR is mandatory for a comprehensive inventory of 
lesions (Fig. 80.4). In nearly all cases spinal lesions 
can be demonstrated. Incidentally spinal lesions are 
the sole MR presentation of the disease. Some pa- 
tients have optic neuritis (Fig. 80.4). After contrast in- 
jection the white and/or gray matter lesions may en- 
hance (Fig. 80.3), but usually not all lesions enhance, 
and contrary to what is usually stated, our experience 
is that in many cases enhancement is at most subtle 
(Fig. 80.2), or is not present at all (Fig. 80.1). The 
enhancement is often patchy, while sometimes the 
whole lesion enhances. Ring enhancement may occur. 
The presence of both enhancing and nonenhancing 
lesions argues in favor of the lesions' being in differ- 
ent stages of development, despite the supposed 
monophasic character of the disease. Repeated MRI 
during the course of the disease may show disappear- 
ance of some lesions and concurrent appearance of 
others. These observations modify the view that 
ADEM is always simply monophasic. Disappearance 
of white matter lesions is sometimes rapid (Fig. 80.5), 
but may also take a long time, as much as 18 months, 
and part of the white matter damage may be perma- 
nent (Fig. 80.6). New lesions may appear despite clin- 
ical improvement. 

Diffusion-weighted imaging in ADEM reveals sim- 
ilar results as in multiple sclerosis. In the peracute 
phase of the lesion ADC values may be low; after 2-3 
weeks, the ADC values are higher than average in the 
core of the lesion and mixed in the borders; in the late 
phase the abnormal findings tend to disappear. 

Magnetization transfer ratios (MTRs) have been 
estimated in ADEM. Histogram MTR analysis of nor- 
mal-appearing white matter in patients with multiple 
sclerosis and ADEM show significantly lower MTRs 
and peak positions and significantly higher diffusivi- 
ty in multiple sclerosis than in ADEM, suggesting that 



Fig. 80.1 . A 2-year-old girl with ADEM. The T 2 -weighted trans- 
verse images {first and second rows) show large, bulky lesions 
in the centrum semiovale, predominantly in the frontal lobe. 
There are also lesions in the midbrain and pons. This is the 
"common" pattern of ADEM. On the ^-weighted contrast- 
enhanced images {third and fourth rows) no enhancement of 
lesions is seen, despite the acute clinical presentation 
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Fig. 80.1. 
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Fig. 80.2. A 5-year-old girl with a rapidly progressive presen- 
tation of ADEM.The transverse FLAIR images {upper two rows) 
show many lesions dispersed throughout the brain, with ex- 
ception of the temporal lobes.There is also a large lesion in the 



left middle cerebellar peduncle.T r weighted coronal contrast- 
enhanced images {third row) show only a few tiny spots of en- 
hancement 



in ADEM the normal-appearing white matter is less 
involved than in multiple sclerosis. These measure- 
ments have been made outside of the acute phase. 

Apart from the difference in preferential involve- 
ment of brain structures, it may be difficult to distin- 
guish ADEM from multiple sclerosis in the initial 
phase. Without a clinical history of a preceding infec- 



tion or vaccination, or when the disease presents with 
a single symptom such as optic neuritis, it is impossi- 
ble to differentiate between acute multiple sclerosis 
and ADEM on basis of MR images. In a later phase, 
comparison as described of MTRs and MRS in nor- 
mal-appearing white matter can help in the decision. 
Repeated MRI examinations over a long period of 
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Fig. 80.3. In this 3-year-old girl with ADEM the T 2 -weighted 
transverse images {upper two rows) show large lesions that in- 
volve the subcortical white matter, with extension into the cor- 



tex. After contrast injection theT r weighted images {third row) 
show enhancement of many lesions 



time may also be helpful, in particular in combination 
with follow-up of the clinical course. Stationary last- 
ing lesions are indicative of ADEM, while newly ap- 
pearing lesions argue against this diagnosis, but this 
is not an absolute rule. New lesions may appear in 
ADEM despite ongoing clinical improvement, but 
new lesions do, as a rule, not appear after the attack 



when the patient is asymptomatic. New lesions on 
MRI repeated 3 months after the attack is considered 
to be predictive of multiple sclerosis. However, some 
ADEM patients have multiple episodes in the course 
of several years. 

In exceptional cases, one may find a clinical picture 
suggestive of ADEM while MRI shows predominantly 



61 0 Chapter 80 Acute Disseminated Encephalomyelitis and Acute Hemorrhagic Encephalomyelitis 




Fig. 80.4. 



or exclusively gray matter lesions (Fig. 80.7). These 
gray matter lesions may disappear. Probably the "gray 
matter ADEM" is the counterpart of the "regular 
ADEM ," just as Guillain-Barre syndrome is usually a 
demyelinating polyneuropathy, but is sometimes ax- 
onal. 
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In AHEM, the hemorrhagic component can be 
identified on CT, but also with confidence by MRI, ei- 
ther by FLAIR or by gradient echo techniques. The 
hemorrhagic aspect, which is highly unusual in mul- 
tiple sclerosis and its variants, may help to establish 
the correct diagnosis (Fig. 80.8). 



Fig. 80.4. MRI in a 6-year-old girl presenting with lowered 
consciousness, spastic paraparesis, and diminished vision of 
the right eye. The FLAIR images {first row) show a gray matter 
lesion, a large lesion in the right thalamus with some mass ef- 
fect. A coronal STIR image {second row, left) shows swelling and 
too high a signal in the right optic nerve, representing optic 
neuritis. The transverse ^-weighted images after contrast in- 
jection {second row, middle and right) show enhancement of 
the right optic nerve.The third row shows the spinal images. A 
T 2 -weighted sagittal image of the cervical and upper thoracic 
cord {left) shows a large intramedullary lesion in the upper cer- 
vical cord. The proton density image {middle) reveals multiple 
additional smaller lesions in the thoracic cord. A ^-weighted 
contrast-enhanced sagittal image of the spinal cord {right) 
shows enhancement of multiple lesions 



Fig. 80.5. An 1 1 -year-old boy with ADEM. In the acute stage 
{first two rows), the T 2 -weighted transverse images show ex- 
tensive, patchy involvement of the white matter in the cen- 
trum semiovale, bilateral and symmetrical involvement of the 
internal capsule, involvement of the pulvinar, and also sym- 
metrical involvement of structures in the pons. At follow-up, 
2 weeks later {third and fourth rows), the lesions have disap- 
peared completely, reflecting full clinical recovery. 
(Fig. 80.5 see next page) 
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Fig. 80.5. 
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Fig. 80.6. 
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Fig. 80.6. {continued). In a 6-year-old girl with ADEM and a 
serious presentation, the T 2 -weighted images (upper two rows) 
show multifocal involvement of subcortical and deep white 
matter. Diffusion-weighted-Trace (b = 1000) images {third 
row) show high signal in the affected regions with greater con- 



spicuity.The ADC values were low (-30%). Follow-up MRI after 
6 months {fourth and fifth row) shows cortical and central atro- 
phy and some ill-defined areas of signal abnormality in the 
cerebral white matter 




Fig. 80.7. In this 2.5-year-old boy with ADEM, the lesions are predominantly located in the gray matter. Exceptions are lesions 
in the middle cerebellar peduncle on the left side 
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Fig. 80.8. An 8-year-old boy, acutely ill following a minor in- rolandic area shows too low a signal intensity, caused by the 

fection a few weeks before admission.TheT 2 -weighted images presence of breakdown products of blood, including hemo- 

show involvement of the pons and mesencephalon, especially siderin.The presence of considerable hemorrhage classifies 

on the right side, and large, confluent areas of abnormal white this patient as a case of AHEM. Courtesy of Dr. A. Goulao, Lis- 

matter in the cerebral hemispheres. The gyral pattern in the bon, Portugal 



Chapter 81 

Acquired Immunodeficiency Syndrome 



81.1 Clinical Features 

and Laboratory Investigations 

The acquired immunodeficiency syndrome (AIDS), 
as defined according to the criteria of the Centers of 
Disease Control, is a state characterized by one or 
more opportunistic diseases indicative of underlying 
cellular immunodeficiency, in the absence of underly- 
ing causes of cellular immunodeficiency other than 
human immunodeficiency virus type 1 infection and 
in the absence of all other causes of reduced resis- 
tance reported to be associated with opportunistic 
diseases. The opportunistic diseases in AIDS include 
opportunistic infections and neoplasms that can re- 
sult from immunodeficiency. AIDS is caused by a 
retrovirus named human immunodeficiency virus 
type 1 (HIV-1). This virus has previously been desig- 
nated human T cell lymphotropic virus type III 
(HTLV-III),lymphadenopathy-associated virus (LAV), 
and AIDS-related virus (ARV). High-risk groups in 
non-Third-World countries have been defined as 
homosexual or bisexual males, intravenous drug 
abusers, immigrants from Haiti and Central Africa, 
blood transfusion recipients, heterosexual partners 
of HIV-infected individuals, children of mothers in- 
fected with HIV, and hemophiliacs who have received 
factor VIII concentrate. About 72% of AIDS patients 
originate from the first of these risk groups and 17% 
from the second group. The other risk groups consti- 
tute only minor percentages of the total AIDS patient 
population. 

AIDS can manifest itself in many different ways. 
Most patients present with malignant tumors and/or 
infections that are infrequently seen in immunocom- 
petent individuals. The most common tumors in 
AIDS are Kaposi sarcoma, primary CNS lymphoma, 
systemic non-Hodgkin lymphoma, and plasmocy- 
toma. The opportunistic infections most frequently 
include Pneumocystis carinii pneumonia, toxoplas- 
mosis, cryptococcal meningitis, candidiasis of the up- 
per gastrointestinal tract, and many infections with 
other viruses, fungi, mycobacteria, and parasites. 
Nonspecific signs and symptoms of the disease are 
weight loss, fatigue, malaise, night sweats, fever, cysts 
in the parotid glands and generalized lymphadeno- 
pathy. Neurological signs and symptoms are frequent 
and are reported in 30-75 % of patients. Malignant 
lymphoma and metastatic Kaposi sarcoma may affect 
the CNS. Opportunistic infections of the CNS include 



herpes simplex encephalitis, herpes zoster encephali- 
tis and radiculitis, cytomegalovirus encephalitis, 
papovavirus infection with progressive multifocal 
leukoencephalopathy, infection with Aspergillus fu- 
migatus, Candida albicans, and Cryptococcus neofor- 
mans, nocardiosis, coccidioidomycosis, Mycobacteri- 
um tuberculosis infection, atypical mycobacterial in- 
fections, toxoplasmosis, and neurosyphilis. However, 
only a minority (about 30%) of the CNS affections 
can be attributed to opportunistic infections. A pri- 
mary HIV-1 infection is the most common cause of 
neurological dysfunction. Acute diffuse leukoen- 
cephalitis, subacute encephalitis, aseptic meningitis, 
vacuolar myelopathy, and inflammatory demyelinat- 
ing peripheral neuropathy are generally assumed to 
be caused by direct HIV-1 infection. It should be not- 
ed that the following clinical descriptions refer to 
untreated patients. With treatment the disease course 
will be halted or modified. 

Acute diffuse leukoencephalitis has been de- 
scribed in a limited number of cases. Clinically this 
disease is characterized by rapid mental deteriora- 
tion, progressive tetraparesis, and in some cases death 
within a few days. A relapsing-remitting course of dis- 
ease has also been described, indistinguishable from 
multiple sclerosis. 

Subacute HIV-1 encephalitis, also called AIDS en- 
cephalopathy or AIDS dementia complex, is the most 
frequent neurological manifestation of AIDS and 
eventually afflicts many AIDS patients. Subacute HIV- 
1 encephalitis usually develops after other complica- 
tions of AIDS have appeared, but it may also be the 
first major or even the sole clinical manifestation of 
HIV-1 infection. In subacute HIV encephalitis cogni- 
tive, motor, and behavioral abnormalities are usually 
early features. Early cognitive abnormalities are im- 
paired memory, loss of concentration, confusion, and 
slowing of mentation and movement. The onset of de- 
mentia is usually insidious, but a rapid onset over a 
period of a few days and accelerations are not rare. 
Behavioral abnormalities include apathy, social with- 
drawal, dysphoric mood, organic psychosis, and re- 
gressive behavior. Early motor symptoms are lack of 
balance, weakness of the legs, tremor, and loss of co- 
ordination. Neurological examination often reveals 
ataxia and pyramidal tract signs. The majority of pa- 
tients develop a severe and global dementia within 2 
months after the onset of symptoms, but sometimes 
the initial course is more protracted, and a mild or 
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moderate impairment of intellectual functions is pre- 
sent for several months prior to the subsequent onset 
of a more severe global dementia. The dementia of 
subacute HIV-1 encephalitis has been described as 
subcortical because of the relative absence in many 
patients of seizures and other signs of focal cortical 
involvement. The affected patients usually remain 
alert. Neurological symptoms in the end stages are 
variable and include aphasia, ataxia, hypertonia, 
motor weakness with paraparesis, quadriparesis or 
hemiparesis, pseudobulbar palsy with dysphagia and 
dysarthria, tremor, blindness, extrapyramidal signs 
with rigidity, incontinence, myoclonus, epileptic 
seizures, and sometimes organic psychosis. Retinopa- 
thy is found in about one-third of the patients with 
subacute HIV-1 encephalitis. Cotton wool spots are 
the most frequently observed retinal abnormalities; 
less frequently a hemorrhagic retinitis is seen. Optic 
neuritis is a rare finding. Death usually occurs within 
1 year after the first signs of encephalopathy are noted. 

Other neurological complications include cerebral 
hemorrhage and cerebral infarction. Thrombocy- 
topenia predisposes AIDS patients to cerebral hemor- 
rhage, while nonbacterial thrombotic endocarditis 
may lead to cerebral infarction. 

The majority of children with AIDS are born to 
women who have AIDS or pre-AIDS themselves and 
who are intravenous drug abusers, sexual partners of 
male members of high-risk groups, or of Haitian ori- 
gin. In a smaller percentage of the affected children, 
transfusion-associated AIDS has been implicated. 
Clinical characteristics of AIDS in children include 
failure to thrive, generalized lymphadenopathy, he- 
patosplenomegaly, recurrent bacterial infections, and 
infections with opportunistic agents. Neurological 
abnormalities are variable. The most consistent find- 
ings are acquired microcephaly and moderate to se- 
vere mental retardation. Motor deficits ranging in 
severity include pyramidal tract signs with spastic 
paraparesis or tetraparesis and pseudobulbar palsy. 
Hypotonia with hyperreflexia is frequent in affected 
children, especially early in the course of disease. In 
some children, psychomotor retardation is stationary. 
In others progressive mental and motor deterioration 
occurs with a remitting course. Subacute HIV-1 en- 
cephalitis can be found in this latter group of patients. 

Vacuolar myelopathy is a common neurological 
complication in AIDS. It is frequently difficult to cor- 
relate spinal cord abnormalities with clinical symp- 
toms and signs in individual patients since many pa- 
tients have coexistent encephalopathy or peripheral 
neuropathy. Clinical features may be a spastic mono- 
paresis, paraparesis, or tetraparesis with hyperreflex- 
ia and extensor plantar reflexes, but sometimes re- 
flexes are absent. Incontinence and sexual distur- 
bances are frequent, as are sensory abnormalities 
with sensory ataxia. Neuropathologically, myelopathy 



of grades I, II, and III can be distinguished. A steadily 
progressive spastic-ataxic paraparesis, which usually 
evolves over several weeks to months, is most charac- 
teristic of patients with grade III, severe myelopathy. 
Signs and symptoms are similar but less severe in pa- 
tients with grade II myelopathy. Clear myelopathic 
signs are infrequent in patients with grade I myelopa- 
thy. 

Patients with AIDS are susceptible to a number of 
PNS complications. Peripheral nerve affections occur 
in about half of the patients with subacute encephali- 
tis. Cranial nerve signs are less prominent. Apart from 
herpes zoster radiculitis, a distal symmetrical periph- 
eral polyneuropathy, chronic inflammatory demyeli- 
nating polyradiculoneuropathy, and mononeuritis 
multiplex have been described. Distal symmetrical 
peripheral neuropathy manifests itself by distal sen- 
sory disturbances and a mild degree of weakness in 
the distal muscles of the lower extremities. The symp- 
toms are predominantly sensory with burning, 
painful paresthesias and numbness. In more ad- 
vanced stages the muscular weakness may become 
more marked and spread to the arms. Chronic in- 
flammatory demyelinating polyradiculoneuropathy 
resembles the Guillain-Barre syndrome but the 
course is subacute or, more often, chronic. Weakness 
is most severe in distal muscles but also affects prox- 
imal muscles. Sensory abnormalities are usually less 
marked. In severe cases weakness becomes general- 
ized, and facial diplegia, bulbar weakness, and respi- 
ratory difficulties result. In mononeuritis multiplex, 
nerve dysfunction is relatively abrupt in onset. In the 
course of time, multiple nerves become involved, re- 
sulting in patchy weakness and sensory loss. 

Diagnosis of HIV-1 infection cannot be made with 
standard serological tests in the early phase of the dis- 
ease. Recombinant enzyme-linked immunosorbent 
assays (ELISAs) are commonly negative in the early 
phase, as are tests for antibodies. Serological tests be- 
come positive after 3-4 weeks. Early diagnosis is pos- 
sible with the serum or plasma viral p24 antigen test, 
also used in blood donors to detect viral infection. Es- 
timation of plasma viral RNA levels is even more sen- 
sitive than the p24 antigen test. Counts of CD4+ lym- 
phocytes give important information of the immune 
status of the patient. Studies of T lymphocyte subpop- 
ulations in AIDS reveal a depletion of CD4+ T helper 
cells with an inversion of the CD4+ helper to CD8+ 
suppressor cell ratio. In active HIV-1 infections the 
count is low. The most specific diagnosis of HIV in- 
fection is by direct identification of the virus in tissue 
or blood of suspected patients or indirectly by 
demonstrating the presence of antibodies to the 
virus. Longitudinal studies have shown that in serum, 
HIV-1 antigens appear early and transiently after pri- 
mary HIV-1 infection. Antibody production follows, 
after which HIV antigens may disappear. 
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Immunological investigations may include tests 
demonstrating cutaneous anergy to recall antigens, 
depressed response in lymphocyte transformation 
assays, and usually a decreased natural killer cell ac- 
tivity. Lymphopenia may be present. These immuno- 
logical abnormalities may be absent early in the dis- 
ease. Abnormalities in B cell function and humoral 
immunity have been reported. Immunoglobulin lev- 
els may be high due to nonspecific polyclonal B cell 
activation. Circulating immune complexes may be 
present. Serological studies for a number of infections 
are frequently positive, such as hepatitis A and B, her- 
pes group viruses, and toxoplasmosis. If indicated, 
cultures of body fluids for bacteria, mycobacteria, 
viruses, and fungi may be performed. 

The CSF of patients with HIV infection of the CNS 
usually has slightly raised protein content and less of- 
ten a mononuclear pleocytosis with cell counts of up 
to 50 cells/mm 3 . The CSF of children with AIDS en- 
cephalopathy shows these abnormalities less often. 
The CSF of patients with AIDS encephalopathy often 
contains oligoclonal immunoglobulin bands, which 
have anti-HIV activity. CSF anti-HIV antibodies are 
present in most AIDS patients, irrespective of the 
presence of neurological complications. These anti- 
bodies occur early in the course of the disease, indica- 
tive of an early seeding of HIV to the CNS. A longitu- 
dinal study showed that HIV-1 antigen is present 
transiently in CSF before the occurrence of antibod- 
ies. HIV-1 antigen continues to be present in children 
and adults with progressive AIDS encephalopathy. As 
a rule, it is not found in the CSF of asymptomatic 
seropositive controls, some of whom have anti-HIV 
antibodies in the CSF. Persistence of HIV-1 antigens 
in the CSF most probably reflects ongoing CNS in- 
volvement. HIV-1 antigens in the CSF are not a result 
of leakage of viral proteins through the blood-brain 
barrier, as in some patients the quantity of HIV-1 
antigens is larger in CSF than in serum, whereas oth- 
er patients have extremely high serum levels and no 
HIV- 1 antigens in the CSF. The same arguments apply 
to anti-HIV antibodies, proving that the synthesis of 
these CSF antibodies occurs within the blood-brain 
barrier. 

EEG often shows moderate, generalized slowing of 
the background pattern in subacute HIV-1 encephali- 
tis, occasionally with non-periodic high-voltage spik- 
ing. Even in patients with seizures or myoclonic jerks, 
paroxysmal discharges are not usually seen. In pa- 
tients with distal symmetrical peripheral neuropathy 
the nerve conduction velocity is normal or slightly re- 
duced. EMG shows some signs of denervation in dis- 
tal muscles. In chronic inflammatory demyelinating 
polyneuropathy a marked slowing of nerve conduc- 
tion is the rule. The abnormalities are frequently 
patchy. F responses are prolonged or absent, which is 
in conformity with a component of radiculopathy. 



Conduction block is a common finding. EMG is either 
normal or shows signs of denervation and reinnerva- 
tion. 



81.2 Pathology 

It has been estimated that approximately 40% of pa- 
tients with AIDS have clinically apparent CNS dys- 
function. At autopsy, neuropathological abnormali- 
ties are found in about 80% of patients, and 20% 
of patients have multiple coexisting CNS disease 
processes. Neuropathological signs of subacute HIV-1 
encephalitis are found in about 50% of patients with 
AIDS, and it is accordingly the most common CNS 
illness associated with AIDS. 

The brains of patients with subacute HIV-1 en- 
cephalitis, also called giant cell encephalitis or mi- 
croglial nodule encephalitis, usually show some de- 
gree of atrophy at postmortem examination. Mild to 
moderate ventricular dilatation is associated with an 
apparent reduction of cerebral white matter volume 
and shrunken cortical gyri. The most prominent 
microscopic abnormalities in the brain involve the 
white matter and deep gray matter. Subacute HIV-1 
encephalitis is characterized by intraparenchymal 
and perivascular infiltrations of lymphocytes and 
macrophages, located in both gray and white matter. 
The perivascular infiltrations occur typically around 
capillaries and venules and are most frequently de- 
tected in the centrum semiovale, basal ganglia, and 
pons. In mild cases the infiltrates are lymphocytic 
and scanty. In more severe cases, inflammatory infil- 
trates are composed mainly of foamy macrophages, in 
some instances intermixed with multinucleated giant 
cells. These multinucleated cells are thought to be de- 
rived from macrophages as they display macrophage 
markers, and are considered to be a histopathological 
hallmark of HIV-1 encephalitis. 

The most common white matter abnormality is 
diffuse pallor, demonstrated by myelin staining. The 
borders of these large areas of pallor are ill defined. 
The subcortical white matter is relatively spared. 
There is some variability in the regional intensity of 
the pallor, which is most prominent in the centrum 
semiovale. The myelin loss is accompanied by a loss of 
axons, but the axons are relatively better preserved. 
Diffuse reactive astrocytosis occurs and generally 
parallels the inflammatory and parenchymal changes. 
In addition, most patients have small, poorly defined 
foci of more complete demyelination. These usually 
have a perivascular distribution. The lesions are 
associated with inflammatory infiltrates, which are 
composed of lymphocytes, lipid-laden foamy macro- 
phages, reactive astrocytes, microglia, and sometimes 
multinucleated cells. Another common finding is 
vacuolation of the white matter, most frequently ob- 
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served in the centrum semiovale and less commonly 
in the internal capsule, brain stem, and cerebellum. 
Electron microscopic examination shows intramye- 
linic vacuoles. 

The cerebral cortex is relatively normal. Astrocyto- 
sis is usually found only in the deep cortical layers. 
Considerable neuronal damage and loss is seen only 
in cases of severe white matter changes. Inflammato- 
ry infiltrations with presence of macrophages, lym- 
phocytes, multinucleated cells, and reactive astro- 
cytes are present in the basal ganglia and brain stem. 
Sometimes focal areas of coagulation necrosis with 
cavitation are seen, principally in the basal ganglia. 

Microglial nodules with multinucleated giant cells 
are found in both gray and white matter, in the latter 
case often accompanied by demyelinating lesions. 
HIV-1 virus has been identified in these nodules. In a 
number of cases, however, the microglial nodules 
contain cells with the intranuclear and intracytoplas- 
mic inclusion material typical of cytomegalovirus in- 
fection. Microglial nodules may be the consequence 
of either HIV-1 infection or cytomegalovirus infec- 
tion. Cytomegalovirus-associated nodules are usually 
distinguished by their predominant localization 
within the cortical gray matter and by the presence of 
characteristic intranuclear inclusion bodies within or 
near the nodules. 

Ultrastructural studies of the brain in subacute 
HIV-1 encephalitis reveal many virus -like particles in 
the cytoplasm of most macrophages and multinucle- 
ated giant cells and, less often, in astrocytes, but not in 
neurons and oligodendrocytes. These particles are 
double-membraned structures, which contain cylin- 
drical nucleoids, characteristic of the Lentivirus sub- 
family of the retrovirus group. These structures have 
been identified as HIV-1. In addition to complete in- 
fectious HIV-1 virions, HIV-1 RNA, HIV-1 DNA, and 
HIV-1 core proteins have been identified in the brains 
and also in the CSF of patients with subacute HIV-1 
encephalitis. Macrophages and multinucleated cells 
of macrophage origin appear to be infected, but there 
is evidence that some other cells are also infected to a 
lesser extent. 

Histological examination of acute diffuse leukoen- 
cephalitis reveals demyelination, most pronounced in 
the centrum semiovale. There is also axonal loss, but 
axons are relatively better preserved than myelin. 
Microglial nodules and multinucleated giant cells 
may be present but have also been reported as absent. 
Inflammatory reaction is variable. The demyelinating 
lesion may extend into the frontal, occipital, and tem- 
poral area. The basal ganglia, thalamus, and brain 
stem may also be involved in the process. The lesions 
may be large and multifocal or highly confluent, sym- 
metrical or asymmetrical. Presence of HIV-1 genome 
in the brain has been shown. Tests for all other infec- 
tions, in particular cytomegalovirus, are negative. 



In multiple sclerosis-like leuko encephalopathy, 
multiple, large, well-defined areas of demyelination 
can be shown, which may involve hemispheric white 
matter, internal capsule, basal ganglia, optic tracts, 
corpus callosum, brain stem, and cerebellum. These 
lesions are characterized by myelin loss with presence 
of lipid-laden macrophages and preservation of ax- 
ons and nerve cell bodies, associated with marked 
gliosis and presence of perivascular inflammatory 
infiltrates. Multinucleated giant cells and microglial 
nodules are reported as absent. Direct evidence of 
HIV-1 infection has not (yet) been provided, although 
increase in CSF HIV-1 antigen during exacerbations 
has been demonstrated in some cases. 

In children with progressive HIV-1 encephalopathy, 
brain weight is below normal for age, and sometimes 
there is obvious atrophy. Most of the brains show 
evidence of white matter disease, including pallor, 
diffuse lack of myelin, and astro cy to sis. Probably 
both hypomyelination and demyelination are respon- 
sible for the diffuse lack of myelin. The axons are rel- 
atively better preserved than in adults. Calcification 
often occurs within or adjacent to the walls of small 
vessels in the basal ganglia and central white matter 
of the cerebral hemispheres, especially in the frontal 
lobes. Inflammatory cell infiltrates which resemble 
classic microglial nodules but which are larger are 
commonly observed. They consist of microglia, astro- 
cytes, lymphocytes, a few plasma cells, and often 
multinucleated cells, some of which have the propor- 
tions of multinucleated giant cells. The inflammatory 
infiltrates are most often located in basal ganglia and 
pons, but are also found in other gray and white mat- 
ter structures of brain and spinal cord. In addition, 
vascular or perivascular inflammation may be pre- 
sent, involving small or medium-sized arteries or 
veins. The inflammation of intraparenchymal vessels 
is accompanied by intimal fibrosis of medium-sized 
vessels and endarteritis obliterans with focal throm- 
bosis of small vessels. 

Spinal cord disease afflicts approximately 25 % of 
AIDS patients. Pathological changes are most promi- 
nent in the lateral and posterior columns at the tho- 
racic level, less severe in the anterolateral and anteri- 
or columns. White matter changes are often asym- 
metrical and are not confined to specific anatomic 
tracts. Microscopically, the disease is characterized by 
intramyelinic vacuoles, similar to those seen in cere- 
bral and cerebellar white matter. Axons are intact ex- 
cept in the most severely affected areas. The white 
matter vacuolation is associated with few lipid-laden 
macrophages, usually located within the vacuoles. Re- 
active astrocytes are rare, and inflammation is not 
present as a rule. 
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81 .3 Pathogenetic Considerations 

Human immunodeficiency virus type 1 (HIV-1) has 
been identified as the primary cause of AIDS. HIV-1 
is the prototypical member of the Lentivirinae sub- 
family of retroviruses affecting humans. Lentiviruses 
characteristically cause indolent infections in their 
host. These infections are notable for involvement of 
the nervous system, long periods of clinical latency, 
and weak humoral immune responses complicated by 
persistent virus presence. One feature that distin- 
guishes the lentiviruses from other retroviruses is the 
remarkable complexity of their viral genomes. Most 
retroviruses capable of replication contain only three 
genes. HIV-1, however, contains in its RNA genome at 
least six additional genes. It is probable that the dis- 
tinct but concerted actions of these additional genes 
underlie the profound pathogenicity of HIV-1. From 
a therapeutic standpoint, this same genomic com- 
plexity may also be the Achilles heel of the virus. 

A broad-based search for antagonists specific for 
these HIV-1 gene products has started. High-resolu- 
tion electron microscopy has revealed the HIV-1 viri- 
on as an icosahedral structure containing 72 external 
spikes. These spikes are formed by the two major vi- 
ral envelope proteins, gpl20 and gp41. The HIV-1 
lipid bilayer is also studded with various host pro- 
teins, including class I and class II major histocom- 
patibility (MHC) antigens, acquired during virion 
budding. HIV-1 has a selective tropism of CD4+ 
T helper-inducer lymphocytes. The human CD4+ 
T lymphocyte and monocyte are the major cellular 
targets for HIV-1 infection, because the CD4+ mem- 
brane antigen represents the principal, if not sole, 
high-affinity receptor for this retrovirus. After entry 
of the CD4+ T lymphocyte, the viral RNA is tran- 
scribed into DNA and subsequently integrated into 
the CD4+ T lymphocyte DNA during cell division. In 
inactive CD4+ T cells much of the viral DNA remains 
unintegrated in the cytoplasm. The HIV replication 
cycle is restricted until the CD4+ T cell is activated by 
other pathogens (for instance, hepatitis B virus, her- 
pes simplex virus, cytomegalovirus) or by allogeneic 
stimulation (for instance, exposure to allogeneic se- 
men, blood, or allografts). After activation, transcrip- 
tion occurs in RNA, followed by protein synthesis. 
Viral proteins and viral RNA assemble. Mature virus- 
es are formed by budding from the cytoplasmic mem- 
brane. In the process of HIV replication the CD4+ 
T cell is killed. The mechanism of cell death is unclear. 
The killing of CD4+ T lymphocytes leads to depletion 
of this type of cells. Faster depletion of CD4+ T cells 
may result from enhanced susceptibility to superin- 
fection by other pathogens, for example, by cyto- 
megalovirus. CD4+ T lymphocytes play a central role 
in the immune response, and their depletion leads to 
many immunological abnormalities. The cellular (T 



cell) immune system essentially ceases to function, 
but there are also marked abnormalities in B cell acti- 
vation (humoral immune system) and immunoregu- 
lation. There is a state of polyclonal B cell activation 
with high immunoglobulin levels and a poor anti- 
body response to new antigens. The deficiency of cel- 
lular immunity leads to an extreme susceptibility to 
viruses, fungi, mycobacteria, and parasites - agents 
that require cell-mediated immunity for contain- 
ment. Neoplasms arising in a cellular immunodefi- 
ciency state include primarily lymphomas and Ka- 
posi sarcoma. The B cell dysregulation may explain 
the frequent occurrence of severe pyogenic infec- 
tions, in particular with Streptococcus pneumoniae 
and Haemophilus influenzae. The elevated produc- 
tion of nonspecific immunoglobulins may lead to 
autoimmune processes such as immune thrombo- 
cytopenia. In addition, CD4+ T antigens are also pre- 
sent on the cell surface of certain types of macro- 
phages and monocytes, which may therefore also be 
infected by HIV-1. The infection of these cells results 
in additional immunological deficits, especially in 
chemotaxis. 

HIV-1 leads to a persisting infection. The viral ge- 
netic information is integrated in the DNA of the host 
cell and the virus can only be destroyed by killing the 
infected cells. It has been demonstrated that a small 
percentage of infected cells may survive and con- 
tribute to virus persistence. Infected monocytes and 
macrophages may contribute to the persistence of 
HIV-1 as they appear to be relatively resistant to the 
cytolytic effect of HIV-1. 

HIV-1 appears to be transmitted predominantly by 
contact with infected blood or semen. However, the 
virus has also been isolated from cervicovaginal se- 
cretions, tears, urine, saliva, breast milk, and CSF. 
These fluids could possibly also be involved in the 
transmission of AIDS. HIV may be transmitted to a 
child in utero, during birth, or postnatally through in- 
fected breast milk. 

The clinical picture of patients with HIV-1 infec- 
tions can range from asymptomatic (carrier with 
viremia or antibody or both) through chronic gener- 
alized lymphadenopathy to a variable degree of clini- 
cally manifest immunodeficiency. Estimation of viral 
load and CD4+ lymphocytes may help to predict 
which patients are likely to have the full-blown dis- 
ease. The latency period between infection and full- 
blown AIDS ranges from several months to several 
years. 

Substantial evidence supports a direct etiological 
role for HIV-1 in subacute encephalitis, aseptic 
meningitis, vacuolar myelopathy, and peripheral neu- 
ropathy. The intra-blood-brain-barrier synthesis of 
HIV-1 -specific antibodies has been demonstrated in 
the majority of AIDS patients with neurological 
symptoms but also in patients without these. The 
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oligoclonal IgG bands in the CSF of AIDS patients 
have been demonstrated to contain anti-HIV activity. 
The presence of HIV-1 antigens in CSF appears to be 
strongly associated with CNS involvement. HIV-1 has 
been isolated from CSF in patients with subacute en- 
cephalitis and aseptic meningitis. The fact that virus 
has been isolated from CSF cannot be attributed sole- 
ly to the presence of infected lymphocytes since many 
samples are free of cells. HIV DNA and RNA se- 
quences have been demonstrated in CNS tissue of pa- 
tients with subacute encephalitis. HIV-1 has been iso- 
lated from brain in subacute encephalitis, from the 
spinal cord in vacuolar myelopathy, and from the sur- 
al nerve in a patient with peripheral neuropathy. The 
multinucleated giant cells seen in subacute encephali- 
tis show a striking similarity to the multinucleated 
cells that develop from the fusion of T lymphocytes 
infected by HIV-1 in vitro. Ultrastructural examina- 
tion has identified intact retroviral particles within 
the multinucleated giant cells in some cases. The 
multinucleated cells are probably of macrophage 
origin, as they share morphological features and 
macrophage markers. Very similar multinucleated 
giant cells have been reported in lymph nodes in 
AIDS patients. There is evidence that the multinucle- 
ated giant cells are of hematogenous origin. It is pos- 
sible that the virus penetrates the CNS by migration 
of infected mononuclear cells from the blood, but a 
direct viral invasion of the CNS is not excluded. Im- 
munohistochemical identification of HIV antigen has 
shown that the most frequently infected cells include 
macrophages, microglia, and multinucleated giant 
cells; less frequently capillary endothelial cells, astro- 
cytes, and oligodendroglia are infected, and also neu- 
rons, but only rarely. The virus is concentrated in, 
although not limited to, the white matter. 

The precise mechanisms underlying the structural 
cerebral damage remain to be determined. The low- 
level infection, sometimes seen in a few neurons, 
astrocytes, and oligodendrocytes, cannot be held 
responsible for the severe CNS damage that is often 
present. The functional and structural damage of the 
CNS is therefore probably related indirectly to the 
HIV-1 infection, which primarily affects monocytes 
and macrophages and to a lesser degree endothelial 
cells. Data indicate that the extent of endothelial and 
macrophage infection is more commensurate with 
the clinical findings than the extent of neuronal and 
glial infection. This observation led to the suggestion 
that the CNS dysfunction reflects an infection of the 
endothelial cells that impairs the blood-brain barrier 
and leads to fluctuations in fluid and electrolyte lev- 
els and to structural damage. Another possibility is 
that activated macrophages secrete a variety of mate- 
rials, such as tumor necrosis factor, interleukin, and 
proteolytic enzymes, that cause brain tissue damage 
and impairment of neurological function. An alterna- 



tive is that the release of HIV-1 envelope glycopro- 
teins from infected macrophages may interfere di- 
rectly with neuronal function as these HIV-1 proteins 
may directly suppress neuronal responses to neu- 
rotropic factors and cause shortened neuronal sur- 
vival. 

The frequent involvement of the CNS in AIDS is 
probably related to a number of factors. The brain is 
an immunologically privileged organ. HIV-1 within 
brain tissue may be hidden and protected from im- 
mune surveillance. In addition, the damage to the im- 
mune system caused by HIV infection promotes the 
persistence of viral infection. In infants the known 
susceptibility of the immature CNS to viral invasion 
plays a role and may explain the high incidence of 
AIDS encephalopathy in young children infected with 
HIV. 



81 .4 Therapy 

Therapy for HIV-1 infection has been increasingly 
successful in considerably reducing morbidity and 
mortality. This has been achieved by a logical attack 
on targets provided by the life cycle of the HIV-1 virus 
and by using a combination of therapies in the 
so-called highly active ant i- retroviral treatment 
(HAART). To understand the different approaches it 
is most illustrative to follow this life cycle of HIV-1 
and indicate where interference with the cycle is pos- 
sible. 

The HIV-1 virus consists of an outer envelope of 
protein, fat, and sugars wrapped around an inner 
core, the capsid, which contains genetic information 
in the form of two strands of RNA, and a number of 
special enzymes. Proteins of HIV-1 are strongly 
attracted to CD4+ surface receptors presented on 
dendritic cells, macrophages, monocytes, and, most 
abundantly, on T4 lymphocytes (helper cells). After 
binding to the CD4+ surface receptor, other proteins, 
such as glycoproteins gpl20 and gp41, are activated, 
allowing the HIV cell to fuse with the outside of the 
cell. The therapeutic intervention at this point is ad- 
ministration of entry blockers. Attempts have been 
made to use CD4+ protein decoys, which have so far 
not been very successful. More promising as an entry 
inhibitor seems enfuvirtide (T20). Enfuvirtide is a 
complex peptide consisting of 36 amino acids. The 
compound binds to a subunit, gp41, of the glycopro- 
tein gpl20, located on the viral envelope, blocking the 
entry of the virus in the cell. Data about side effects 
and long-term results are still scarce. 

Once the viral capsid is inside the cell, the two 
strands of RNA are transcribed into DNA, the "provi- 
ral" DNA, by the enzyme reverse transcriptase. Inter- 
ventions at this step have been successful and several 
types of reverse transcriptase inhibitors have been 
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developed and play an important role in combination 
therapies. The main groups are nucleoside reverse 
transcriptase inhibitors, nonnucleoside reverse tran- 
scriptase inhibitors, and nucleotide reverse transcrip- 
tase inhibitors. 

Approved reverse transcriptase inhibitors include: 

• Nucleoside analogues: zidovudine, didanosine, 
zalcitabine, stavudine, lamuvidine, abacavir 

• Nucleotide analogues: tenofovir disoproxil fu- 
marate 

• Non-nucleoside reverse transcriptase inhibitors: 
delavirdine, efavirenz, nevirapine 

The next step in the development of new virions is the 
entry of the proviral DNA into the celPs nucleus, 
where the enzyme integrase connects the viral DNA 
with the host celPs DNA. Integrase inhibitors are still 
under research, but may eventually open a therapeu- 
tic window at this level. 

When the T lymphocyte is activated, special en- 
zymes transcribe DNA into messenger RNA. In this 
phase, transcription inhibitors could be expected to 
have therapeutic action, but so far they do not play an 
important role in HIV therapy. 

Messenger RNA is now translated into new viral 
proteins, which are kept inside the cell. In the final 
part of the process these strings of proteins are cut up 
by the enzyme protease to form proteins that will 
handle the different functions of the new HIV virus. 
The logical answer to this phase was the development 
of protease inhibitors, which has been successful. Pro- 
tease inhibitors now play a prominent role in HIV 
therapy. Approved protease inhibitors are: saquinavir, 
ritonavir, indinavir, nelfinavir, amprenavir. 

This is not the place to give recommendations on 
combination therapy, which would be very soon 
outdated. Federal guidelines and recommendations 
are available on the Internet and updated regularly 
(http://www.projinf.org/fs/antiVirSrat.html). On this 
site generic names and brand names of the antiviral 
drugs are given, together with the names of the phar- 
maceutical companies. Federal guidelines are given 
for the circumstances in which therapy should start, 
how best to combine preparations, changes of thera- 
py, when indicated, and advice for treatment of preg- 
nant women. It is common policy now to prescribe a 
combination of a protease inhibitor with two nucleo- 
side analogues. Initially the combination therapy had 
the disadvantage that many pills had to be taken every 
day, some before meals, some after meals, three or 
four times a day. This hardly promoted therapy com- 
pliance, seriously contributing to the risk of drug re- 
sistance. There are attempts to replace these regimens 
by a once-a-day intake of drugs, and several drugs 
have already been approved for once-a-day use. The 
newer therapeutic regimens have been successful in 
restoring at least some immunocompetence in the 



patients. Patients with progressive multifocal ence- 
phalopathy have shown temporary improvement. The 
improved CD4+ cell count is another sign of improve- 
ment. 

Side effects of these multidrug regimens are com- 
mon, myopathy, neuropathy, gastrointestinal prob- 
lems, pancreatitis, bone marrow and hepatic toxicity, 
and fat redistribution being the most common. Both 
lipoatrophy and lipohypertrophy are possible, lipohy- 
pertrophy probably caused by the protease inhibitors 
and lipoatrophy caused by the reverse transcriptase 
inhibitors. Lipohypertrophy causes a protease paunch 
and buffalo hump. Lipoatrophy can disfigure the face 
and often requires cosmetic surgery. Bone marrow 
suppression is another possible side effect, leading to 
anemia and thrombopenia. Children born from 
mothers using antiretroviral drugs during pregnancy 
may present with severe mitochondrial disorders re- 
lated to depletion of mitochondrial DNA. The effects 
of HIV nucleoside analogue reverse transcriptase in- 
hibitors (NRTIs) on mitochondrial function have 
been known for some time. NRTIs are phosphory- 
lated intracellularly to dideoxynucleoside triphos- 
phates. These compounds compete with the natural 
substrates (deoxy thymidine triphosphates) for HIV 
reverse transcriptase, but, since they lack a 3' hydrox- 
yl group, the effect is termination rather than length- 
ening of the DNA chain. They are also substrates for 
DNA polymerase y, the enzyme required for replica- 
tion of mitochondrial DNA. Mitochondrial DNA en- 
codes crucial mitochondrial proteins and is present 
in multiple copies per cell. Decreased concentrations 
of mitochondrial DNA have been shown in muscles of 
patients with zidovudine-induced myopathy. NRTIs 
are widely used to diminish the rate of transmission 
of HIV across the placenta from infected mothers to 
children. In a series of 1784 children (Blanche et al. 
1999), 8 children with probable mitochondrial dys- 
function were observed, without HIV infection, a 
much higher frequency than could be expected in the 
normal population (1 in 5,000-20,000). Quite a few 
uncertainties remain (Morris and Carr 1999). At this 
moment continuation of the policy of the treatment 
of HIV positive pregnant women with antiretroviral 
therapy is still recommended. 

A more definite approach is the development of an 
HIV-1 vaccine. The development of such a vaccine has 
been complicated by the remarkable sequence het- 
erogeneity of the HIV-1 envelope proteins. Hyperim- 
munization of chimpanzees with HIV-1 envelope 
protein did not protect them against HIV-1 infection 
after injection of small quantities of the same strain 
of bHIV-1. More recent vaccination studies in Asian 
monkeys with a simian virus (SIV-1) infection, which 
causes an AIDS-like disease, have generated more 
positive results and suggest that an effective HIV-1 
vaccine may be an achievable goal. 
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Preventive measures still prevail in the battle 
against AIDS, the universally propagated "safe sex" 
being the major public prevention factor. Other pre- 
ventive measures are directed towards the avoidance 
of contact with infected blood, screening of blood 
donors for AIDS, and inactivation of virus in blood 
products such as factor VIII concentrate. Specific 
measures have also been advocated in the manage- 
ment of HIV- 1 -positive pregnant women, in order to 
reduce the risk of neonates acquiring the disease in 
the peri- or postnatal period. 

In opportunistic infections and CNS tumors ap- 
propriate therapeutic measures have to be taken. 
Identifying the causative agent in infections or the 
nature of the tumor is, therefore, important and the 
major role of MRI. 



81.5 Magnetic Resonance Imaging 

Neuroimaging studies are essential in the evaluation 
of AIDS patients with neurological symptoms. A high 
percentage of the patients infected with HIV-1 have 
CNS complications, including the AIDS dementia 
complex, opportunistic infections, and brain tumors. 
The primary purpose of brain imaging is to detect 
potentially treatable opportunistic lesions. 

Most patients with advanced subacute HIV-1 en- 
cephalitis have CT evidence of cerebral atrophy with 
enlargement of subarachnoid spaces and ventricles. 
CT evidence of atrophy may precede clinical signs of 
encephalitis, whereas in other cases initial CT scans 
may be normal and the atrophy becomes evident on 
later scans. Marked hypodensities in the white matter 
of both cerebral hemispheres are sometimes noted. 
An additional abnormality shown by CT scan in some 
children with HIV-1 infection of the CNS, and less 
frequently in adults, is calcification of basal ganglia 
and, less often, of the periventricular white matter 
and the frontal subcortical white matter. CT scans 
may also reveal abnormalities which are a conse- 



quence of opportunistic infections, tumors, and vas- 
cular lesions of the brain. The presence of more than 
one type of lesion within one patient frequently com- 
plicates the interpretation of CT findings. 

MRI has greater sensitivity than CT in identifying 
CNS lesions in this patient population, with the ex- 
ception of calcifications. HIV-1 infection of the brain 
leads to a number of patterns identifiable on MRI. 

The most common pattern seen in AIDS dementia 
complex is generalized atrophy with widened ventri- 
cles and enlarged cortical sulci. Probably, however, at- 
rophy is a relatively late finding. MRS is more sensi- 
tive, already showing a decrease in the AT-acetylaspar- 
tate (considered to be a neuronal marker) while im- 
ages are still normal. 

The second pattern represents the subacute HIV-1 
encephalitis and reflects the histological findings of 
diffuse, mild myelin pallor or demyelination with 
preference for the frontal and parietal lobes. MRI 
shows symmetrical periventricular areas of mildly in- 
creased signal intensity of the white matter, not in- 
volving the U fibers, with preferential involvement of 
the frontal and parietal lobes (Figs. 81.1 and 81.2). 
There is no enhancement after contrast injection. The 
brain stem and cerebellum are not involved. In the 
course of the disease the white matter abnormalities 
progress, resulting in severe hemispheric involve- 
ment (Fig. 81.2). 

In acute diffuse leukoencephalitis, large multifocal 
or more diffuse and extensive white matter abnor- 
malities are present. In the case of multifocal lesions, 
these are not necessarily symmetrical (Fig. 81.3). 
Hemispheric white matter, internal capsule, thala- 
mus, and brain stem may be involved. In cases in 
which the disease course resembles multiple sclerosis, 
multifocal white matter involvement is seen (Fig. 
81.3). Contrast enhancement of the lesions has not 
been reported. 

The frequency of superimposed infections is rela- 
tively low, but double and multiple infections may oc- 
cur. Of the opportunistic infections, cerebral toxo- 



Fig. 81.1. T 2 -weighted transverse 
images of 40-year-old male AIDS 
patient with an advanced stage of 
subacute HIV encephalitis.The MR 
images show widening of the ventri- 
cles and cortical atrophy. There are 
symmetrical signal abnormalities in 
the cerebral white matter, most promi- 
nently involving the frontal lobes. 
In the posterior regions, the signal 
abnormalities are more subtle and 
the U fibers are spared 
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Fig. 81 .2. A 48-year-old man presenting with AIDS presented 
with headaches, loss of concentration, mild cognitive impair- 
ment, and changes in behavior. The transverse FLAIR images 
show symmetrical involvement of the periventricular and 
deep cerebral white matter, sparing the U fibers.The posterior 
limbs of the internal capsules are involved, continued in the 



corticospinal tracts of the midbrain and the white matter of 
the temporal lobes. There is slight cerebral atrophy. This pat- 
tern is characteristic of subacute HIV infection. Courtesy of 
Dr. M. Heitbrink and Dr. B. Wiarda, Department of Radiology, 
Medical Center Alkmaar, The Netherlands 



plasmosis is the most common. It is the presenting 
opportunistic infection in at least 5% of the AIDS pa- 
tient population. The lesions of toxoplasmosis are 
multifocal and unequal in size (Fig. 81.4). Sometimes 
the lesions show the so-called "target" sign, with a rim 
of high signal intensity on T 2 -weighted images and a 
core that is isointense with normal white matter. Le- 
sions occur in all areas including the subcortical re- 
gion, basal ganglia, brain stem, and, less frequently, 
the cerebellar hemispheres (Fig. 81.4). The lesions can 
be very large, have contact with the ventricles, and 
mimic a lymphoma. After contrast injection the le- 
sions usually enhance. In about 5% of the cases, how- 
ever, no or only slight enhancement is seen. This may 
be due to the absence of inflammation as a conse- 
quence of the defective immune system of the patient, 
resulting in little or no capsule formation around the 
toxoplasmosis abscess. Possibly, this finding predicts 
a poor prognosis. Pragmatically one could consider 



anti-toxoplasmosis treatment when multiple focal le- 
sions with ring enhancement are seen. If toxoplasmo- 
sis is present, the lesions will improve within a few 
weeks of therapy. Differentiation of larger single le- 
sions is from lymphoma. Progressive multifocal 
leukoencephalitis is discussed in Chap. 82. In this dis- 
ease, the lesions are confined to the white matter and 
extend into the arcuate fibers. There is a typically 
sharp border between gray matter and demyelinated 
white matter, leading to a characteristic pattern. Usu- 
ally the lesions do not enhance, but there are excep- 
tions. Cryptococcus neoformans infection is the most 
frequent intracranial fungal infection (2-7.5% of 
AIDS patients). The infection is preferentially located 
in the basal ganglia spreading along the Virchow- 
Robin spaces. This pattern of spread may produce a 
typical appearance, suggestive of this type of infec- 
tion. Cytomegalovirus encephalitis resembles in 
many aspects the subacute AIDS encephalitis and 
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Fig. 81.3. A 24-year-old man, suffering from AIDS, presented 
with a rapidly progressive neurological syndrome and mental 
and emotional deterioration. The T r weighted sagittal image 
{first row, left) shows a high-signal-intensity lesion in the basal 
ganglia on the left side, probably a hemorrhage. The trans- 
verse proton density {first row) and T 2 -weighted images {sec- 



ond and third rows) show lesions consistent with acute diffuse 
leukoencephalitis.There is mildly increased signal intensity in 
the centrum semiovale and around the ventricles, also involv- 
ing the posterior limb of the internal capsule and the white 
matter tracts in the pons.The lesions are asymmetrical at the 
level of pons, midbrain, and periventricular area 



may present with the same clinical symptoms. Pa- 
tients may also be asymptomatic. On MRI, diffuse, 
symmetrical, periventricular high-signal-intensity 
changes are seen on T 2 -weighted images, indistin- 
guishable from subacute HIV encephalitis. In some 



cases a ventriculitis will develop. After contrast injec- 
tion this appears as an enhanced subependymal rim 
around the ventricles. 

Of the CNS tumors complicating AIDS, primary 
lymphoma is the most frequently observed (about 
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Fig. 81.4. A 48-year-old male AIDS patient was admitted to 
the hospital with general malaise and left-sided hemiparesis, 
cerebellar ataxia, and diplopia. He also showed intellectual 
deterioration. The MR images show two types of lesions. The 
first type consists of multiple smaller, isolated lesions in the 



cerebellum, pons, and basal ganglia. The second type of lesion 
consists of a more symmetrical involvement of the periventric- 
ular and deep cerebral white matter. The latter type of lesion 
represents subacute HIV encephalitis; the dispersed, smaller 
lesions were demonstrated to be toxoplasmosis 



5% of AIDS patients). In AIDS, lymphomas may be 
multifocal, which is rare in other patients. Also, the 
enhancement of lymphoma in AIDS patients may be 
less homogeneous. Differentiation from toxoplasmo- 
sis on MRI may be difficult. Both can present as single 
or multifocal lesions with mass effect; both can be 



connected with the ventricular wall and enhance after 
contrast administration. Thallium-201 SPECT may 
offer a solution in distinguishing between infection 
and lymphoma. Leptomeningeal lymphoma can be 
diagnosed by the presence of pericerebral tissue that 
enhances with contrast. Metastases of Kaposi sarco- 
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ma have been observed in the CNS and in the skull 
base, but are extremely rare. 

In HIV-1 encephalitis in children, apart from the 
ventriculomegaly and atrophy also found in adults, 
there is often symmetrical bilateral calcification of 
the basal ganglia and the white matter adjacent to the 
frontal horns. Contrast enhancement of the basal 
ganglia may also occur, sometimes starting unilater- 
ally, becoming bilateral later on. Calcifications may 
also be related to a concurrent cytomegalovirus infec- 
tion. White matter disease is not a prominent feature 



of HIV-1 encephalitis in children, although white 
matter changes may be present. Opportunistic infec- 
tions are less frequent in children than in adults. Cen- 
tral mass lesions are usually caused by primary lym- 
phoma. 

In the spinal cord lesions have been described in 
AIDS patients. On MRI these lesions are not distin- 
guishable from lesions as seen in transverse myelitis 
in multiple sclerosis. Swelling of the cord is seen ini- 
tially with moderate enhancement, eventually fol- 
lowed by atrophy. 



Chapter 82 

Progressive Multifocal Leukoencephalopathy 



82.1 Clinical Features 

and Laboratory Investigations 

Progressive multifocal leukoencephalopathy (PML) is 
a rare demyelinating infection of the CNS caused by a 
polyomavirus, the JC virus. It usually occurs in im- 
muno deficient patients. Its association with such un- 
derlying diseases as lymphoma, multiple myeloma, 
leukemia, sarcoidosis, tuberculosis, Whipple disease, 
systemic lupus erythematosus, systemic carcinomas, 
renal transplantation, bone marrow transplantation, 
AIDS, and immunosuppressed states is well docu- 
mented, although the disease has also been reported 
in patients without evidence of an immunological 
deficit. During the last few years, PML has most often 
occurred in the context of AIDS. The prevalence of 
PML in AIDS patients is estimated to be in the range 
of 4-7%, which is probably an underestimation. In 
most cases, PML is a late complication of a pre-exist- 
ing chronic systemic disease, which has typically been 
present for a long time before the neurological abnor- 
malities appear. This underlying disease does not dif- 
fer appreciably either in its clinical or pathological as- 
pects from the same disease in other patients in 
whom PML does not occur. There is no way of pre- 
dicting the occurrence of PML. PML occurs predom- 
inantly in adults. There is a male preponderance in 
the proportion of about 5:3. 

The clinical signs and symptoms of PML are those 
expected from the presence of multiple CNS lesions of 
varying size, mainly affecting the white matter of the 
cerebral hemispheres but indiscriminate in their lo- 
calization. In the early stages the most frequently ob- 
served signs are monoparesis, hemiparesis, personal- 
ity change, cognitive impairment, ataxia, dysarthria, 
dysphasia, and cerebral visual impairment. Quadri- 
paresis, severe dementia, and coma characterize the 
more advanced stages. Headaches and seizures are 
unusual, and there is no evidence of increased in- 
tracranial pressure. Rarely, involuntary movements 
indicative of an extrapyramidal disorder are ob- 
served, such as choreiform movements, dystonia, 
athetosis, or parkinsonism. Once the disease appears, 
it generally progresses until the patient dies. Usually, 
as with many incapacitating cerebral diseases, death 
results from terminal bronchopneumonia. In most 
patients a period of about 2-6 months elapses be- 
tween the first appearance of neurological symptoms 
and death. In a few patients the illness is extremely 



brief, lasting only a few days. At the other end of the 
scale, the disease can last for a year or more. In AIDS 
patients with secondary PML some survival time can 
be gained by treatment with highly aggressive anti- 
retroviral therapy (HAART). Patients showing spon- 
taneous improvement have also been described. 

It is clear that a wide range of clinical neurological 
abnormalities may be encountered in PML and no 
syndrome is especially distinctive of the disease. The 
combination of a coexisting chronic systemic disease 
with fairly rapidly progressive multifocal or diffuse 
cerebral disease should suggest the presence of PML. 

As a great proportion of the general population, 
probably 80-90 %, has been exposed to JC virus in the 
form of a banal childhood upper respiratory tract 
infection and thus has developed IgG antibodies 
against the JC virus, serological tests are not helpful in 
establishing the diagnosis. Routine cytochemical CSF 
examinations, such as cell count and protein concen- 
tration, are also of little value, because abnormalities 
may be due to the underlying pre-existent disease. 
The JC virus has never been cultured from blood or 
CSF, nor have viral antigens been identified in the 
CSF. In patients who are not suffering from HIV infec- 
tion, detection of intrathecal antibodies against the JC 
virus has a sensitivity of about 70% and a specificity 
of 99 %. As in other microbial diseases, the PCR tech- 
nique of amplifying DNA has had a major impact on 
the diagnosis of PML. Detection of JC viral DNA by 
PCR in the CSF has a sensitivity of about 75 % and 
specificity between 90% and 99%. The high specifici- 
ty obviates in many cases the need for a brain biopsy. 
However, the problem of false negative results in 25 % 
of the cases remains, which may prompt a second CSF 
examination or still make a brain biopsy necessary. 
Semiquantitative measurements of JC viral DNA load 
in CSF shows correlation with survival and could be 
used as a method of monitoring therapeutic efficacy, 
in addition to clinical and neuroimaging findings. 



82.2 Pathology 

The brain displays no external abnormalities in PML. 
On sectioning, multiple grayish granular- appearing 
lesions are seen in the white matter, often associated 
with a loss of the distinct border between the cortex 
and subcortical white matter. Asymmetrical involve- 
ment is the rule. Although the lesions are often found 
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bilaterally, they are usually more extensive in one 
cerebral hemisphere than in the other. 

Microscopically the lesions vary from small foci of 
demyelination to extensive areas of myelin loss, occu- 
pying a major portion of a cerebral lobe or hemi- 
sphere. The small foci tend to be round or oval, but 
the larger areas of demyelination are irregularly out- 
lined, probably resulting from coalescence of smaller 
lesions. The lesions may occur anywhere in the white 
matter of the CNS, no part of the CNS being entirely 
spared. However, the lesions tend to be less frequent 
in the brain stem and the cerebellum, and involve- 
ment of the spinal cord and peripheral nerves is 
uncommon. Localization of lesions in the corti- 
comedullary junction and subcortical white matter is 
very typical. The deep cortical layers often also show 
loss of myelin sheaths, but the cortical cytoarchitec- 
ture remains intact. 

The lesions are characterized by loss of myelin 
with relative sparing of the axons. Sometimes the ax- 
ons are destroyed along with the myelin, leaving 
nothing but a meshwork of astrocytic processes and 
glial fibrils or actual cavities. In the center of the le- 
sion, where myelin sheaths have been destroyed, 
oligodendrocytes are absent. At the periphery of the 
lesions the oligodendrocytes are markedly altered, 
with enlargement of their nuclei and effacement of 
the normal chromatin pattern. These abnormal nu- 
clei often contain basophilic or eosinophilic inclusion 
bodies. Another cellular change is a conspicuous al- 
teration of astrocytes. Some of the astrocytes in and 
around the lesion are enlarged into gigantic forms, 
and their nuclear structure is profoundly altered. Hy- 
perchromatism, occasionally bizarre lobulation of the 
nucleus, multinucleation, and mitotic figures are 
characteristic abnormalities. The change in individ- 
ual cells is at times so severe that the cells become in- 
distinguishable from the neoplastic cells that charac- 
terize malignant astrocytomas. The relative absence 
of a cellular inflammatory reaction is striking. In 
many cases inflammatory cells are absent altogether, 
and in other cases they are few. Numerous lipid-laden 
macrophages can be identified within the area of 
demyelination. 

PML does little damage to nerve cell bodies. Le- 
sions may be situated in gray matter structures, espe- 
cially the deep cortical layers. Within these lesions the 
myelin sheaths are destroyed, and the astrocytes and 
oligodendrocytes show the characteristic changes, 
whereas most of the nerve cells appear to be intact. 

Electron microscopic studies show virus-like par- 
ticles within the abnormal oligodendrocytic nuclei 
and, to some extent, also in altered astrocytes. These 
particles are seen in isolation, in irregular groups, in 
a crystal-like pattern, or in the form of filaments. The 
size, shape, surface details, and arrangement of these 
particles are characteristic of the polyomavirus sub- 



group of papovaviruses. This observation is con- 
firmed by immunofluorescent studies with the use of 
specific antibodies against polyomavirus. Using the 
in situ hybridization techniques with a polyomavirus 
DNA probe, the infection of oligodendrocytes and 
astrocytes with this virus can also be shown. 



82.3 Pathogenetic Considerations 

PML is a demyelinating disease associated with a 
polyomavirus, which belongs to the Papovaviridae. 
The family Papovaviridae consists of two genera, 
Papillomavirus and Polyomavirus. These are small 
DNA- containing viruses. A human polyomavirus, des- 
ignated JC virus after the individual from whom it was 
first isolated, has been implicated as the etiological 
agent in nearly all cases of PML. In a minority of the 
cases a related polyomavirus, simian virus 40 (SV40), 
has been held responsible for the disease. Although 
the disease PML is rare, infection with the JC virus is 
quite common. Antibodies to JC virus have been 
found in up to 90 % of the population, and the preva- 
lence of antibodies rises with increasing age. Infection 
is usually acquired early in life: by the age of 15, 65% 
of children have anti-JC virus antibodies. In any given 
PML patient there is no information about whether 
these antibodies were present before the onset of the 
disease. The virus is distributed throughout the world. 
The question of how JC virus can be ubiquitous yet 
not cause more widespread clinical illness is not sim- 
ple to answer. Recent research has provided informa- 
tion about the pathways the JC virus utilizes to enter 
the human host and ultimately the brain. Traffic of JC 
virus through the body is complex, involving cellular 
receptors, DNA-binding proteins, and a variety of 
viral regulatory regions in multiple target cells. JC 
virus DNA has been detected in human tonsil tissue, 
including stromal cells and lymphocytes. Therefore, 
tonsils may be the initial site of infection. For this in- 
fection to occur virions have to bind to special recep- 
tors, enter cells, and have their DNA integrated into 
host cell DNA. Viral DNA is replicated and translated 
into proteins, and via a number of steps JC virions are 
assembled and passed to circulating tonsillar lym- 
phocytes. As with other human viral pathogens, sus- 
ceptibility to infection is determined at least partly by 
viral attachment to cellular receptors. This specificity 
of receptors plays a role in the types of cells that are 
most vulnerable to infection. Different JC virus geno- 
types with different regulatory regions have consis- 
tently been found in different tissues, probably con- 
tributing to differential vulnerability of different tis- 
sues to infection. Viral reactivation occurs by im- 
munosuppression of the host. Reactivated JC virus 
will infect B lymphocytes. These cells can cross the 
blood-brain barrier and infect oligodendrocytes. 



630 Chapter 82 Progressive Multifocal Leukoencephalopathy 



Oligodendrocytes have a receptor profile that makes 
them extremely vulnerable to JC virus infection. 
Viremia would be another explanation of the trans- 
port of JC virus from infected organs to the brain, but 
this has never been observed. T cells cannot be carri- 
ers either, because JC virus cannot infect T lympho- 
cytes or bind to T cell membranes. Infected B lym- 
phocytes have been found in multiple PML brain tis- 
sue samples. 

Various papovaviruses are known to induce cell 
transformation in vitro and are oncogenic in ham- 
sters. Papovaviruses, as mentioned before, are subdi- 
vided into two subgroups: the papillomaviruses, 
known to cause warts and cervical carcinoma, and 
polyomaviruses, such as the JC virus, causing PML 
and of which the oncogenicity is a suspicion of more 
recent date. Papovaviruses, their antigens, or viral 
DNA sequences have been detected in some human 
tumor cells. Pathologically, two cell types in the brain 
are infected by the polyomavirus in PML. First, oligo- 
dendrocytes are lytically infected, and virus particles 
fill the nucleus to give it a characteristic appearance. 
Oligodendroglial cell death causes demyelination. It is 
postulated that there is also an infection of the astro- 
cytes, in which the viral genome is integrated into the 
cellular DNA, leading to cell transformation. The fact 
that astrocytic cell transformation in PML is virally 
induced is indirectly supported by the known onco- 
genic potential of papovaviruses in hamsters, the re- 
ported simultaneous occurrence of PML and gliomas, 
and the demonstration of shared internal capsid anti- 
gens of a polyomavirus in the nucleus of giant astro- 
cytes in PML. 

A defect in cell-mediated immune defenses ap- 
pears to be a central factor in the reactivation process 
of JC virus and the development of PML. The lack of 
cellular inflammatory reaction in white matter le- 
sions also supports the notion of a deficit in cellular 
immunity. Yet this deficit alone does not provide an 
adequate explanation for the occurrence of PML 
since diseases associated with such immunological 
deficiency and treatment with immunosuppressive 
drugs are relatively frequent, while PML is rare. The 
problem is made even more difficult by the fact that 
PML may even occur in the presence of apparently 
intact immune responses. 

Simian virus 40 is of minor importance in PML. In 
general, infection with this virus is rare in humans, 
only 5 % showing antibodies. The source of the virus 
is unknown. 



82.4 Therapy 

At present the prognosis in PML is generally poor. 
Treatment with idoxuridine and vidarabine, both an- 
tiviral agents, has been shown to be nonbeneficial. 



Cytarabine (arabinosylcytosine) administered intra- 
venously and intrathecally has been demonstrated to 
be more promising in PML. The rationale for the use 
of this agent is that polyomaviruses are DNA viruses, 
and that cytarabine impairs DNA synthesis. Long- 
term survival of PML patients treated with cytarabine 
has been reported. The improvement of the neurolog- 
ical condition varies from moderate to marked in 
these patients. In some patients there is very rapid 
improvement, occurring within 48 h of initiation of 
therapy. In others there is a delay of several weeks. 
Sometimes cytarabine is only transiently beneficial, 
and sometimes it has no beneficial effect at all. 
Neither type and duration of underlying disease nor 
duration and course of neurological symptoms prior 
to treatment appear to yield a clue as to the different 
responses to therapy. Some studies, however, have 
been unable to find the same positive results using 
cytarabine. Treatment of PML with a combination of 
cytarabine and interferon has occasionally been re- 
ported as successful. Treatment of patients with HIV- 
1 infection and PML with highly aggressive antiretro- 
viral therapy has led to a better immune status in pa- 
tients, and sometimes also to a positive effect on the 
coexisting PML. 

Therapy should be directed at eradication of the 
viral infection not only by specific antiviral agents but 
also by enhancing host immune defenses. Lowering of 
the immunosuppressive medication may be appro- 
priate. Early diagnosis before actual destruction of 
nervous tissue has occurred may be necessary for 
treatment to be successful. 



82.5 Magnetic Resonance Imaging 

CT scan shows low-density white matter lesions with 
characteristically scalloped lateral borders following 
the contours of the gray- white matter junction, 
whereas the medial border is smoother in outline. 
Enhancement of some of the lesions may be seen. 
Small and early lesions are not detected, and CT often 
shows no abnormalities in the early stages of the dis- 
ease. 

MRI shows that PML lesions can be found any- 
where in the white matter of the cerebral hemi- 
spheres, the brain stem, and the cerebellum, but most 
often involve the cerebral subcortical area (Figs. 82.1- 
82.3). The lesions have an intermediate to low signal 
intensity on T x -weighted images, and a high or very 
high signal intensity on T 2 -weighted images. The af- 
fected white matter appears somewhat swollen, which 
becomes more evident in those areas where the U 
fibers are involved. The subcortical white matter le- 
sions then have a scalloped appearance, outlining the 
overlying cortex and stretching it (Figs. 82.1, 82.2 and 
82.4). The sharp edge between affected white matter 
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Fig. 82.1 . The characteristic image of 
PMLa large lesion in the right parietal 
lobe, involvement of the corpus callo- 
sum,and a smaller lesion in the 
left hemisphere.TheseT 2 -weighted 
images show a sharp border between 
the hyperintense white matter lesion 
and the normal cortex. The cortex is 
stretched out over the lesion. In this 
case there was no enhancement 





Fig. 82.2. A 63-year-old male with AIDS and PMLThese images show a large frontal lesion on the right side with partial enhance- 
ment after contrast injection, as is seen on the transverse and coronal T r weighted contrast-enhanced images 



and cortical gray matter is due to the anatomical bar- 
rier formed by the noninfected neuronal layer with its 
relative myelin paucity as opposed to the myelin-rich 
white matter and infected oligodendrocytes. In ex- 
ceptional cases MRI shows some extension of a white 
matter lesion into the cortex, probably where intra- 
cortical myelin has been attacked (Fig. 82.3). Lesions 
of the external capsule have been found in 38% of 
PML patients, and posterior fossa lesions in 32% 
(Fig. 82.4). Isolated posterior fossa lesions have been 
reported occasionally. Basal ganglia may be involved, 
particularly in the myelin-containing laminae sepa- 
rating the various nuclei and subnuclei (Figs. 82.3 and 
82.4). The myelin content of the thalamus and globus 
pallidus is higher than of the putamen and caudate 
nucleus, and lesions would be expected to occur more 
often in these areas. Involvement of the corpus callo- 
sum is often seen (Figs. 82.1 and 82.4). Although the 
epithet "multifocal" suggests more than one lesion in 
all cases, this is not necessarily true. Single lesions 
may occur. Confluence of several lesions may give rise 



to the appearance of a widespread white matter disor- 
der (Fig. 82.4). Enhancement after the injection of 
gadolinium is seen in a minority of patients, but is not 
exceptional (Figs. 82.2 and 82.4). If enhancement is 
seen, it is usually only present in some of the lesions; 
it is faint and peripheral. More solid enhancement is 
seen in rare cases. There is evidence that mass effect 
and (temporary) enhancement on MR images, as ex- 
pressing the presence of an immune reaction of the 
patient, represent positive predictive factors for more 
prolonged survival. PML lesions have different ap- 
pearances on diffusion-weighted images depending 
on the stage of the disease. Newer lesions and the ad- 
vancing edge of large lesions have a high signal on 
Trace diffusion-weighted images and a normal to low 
ADC. Older lesions and the center of large lesions 
have a low signal on Trace diffusion-weighted images 
and increased ADC values. High signal on Trace diffu- 
sion-weighted images and low ADC mark the regions 
of active infection with cell swelling, distinguishing 
them from burnt-out areas of gliosis. 
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Fig. 82.3. One parasagittal "^-weighted and a series of T 2 - 
weighted MR images obtained in a 48-year-old man with AIDS 
and PML are shown. The images show multiple lesions in the 
white matter. Note that gray matter structures are also in- 



volved: putamen, globus pallidus, and caudate nucleus on the 
left are affected, and some lesions extend into the cortical gray 
matter 



PML has to be differentiated from other multifocal 
white matter disorders, especially from those occur- 
ring in AIDS patients, such as cytomegalovirus infec- 
tions, and from acute and subacute HIV encephalitis 
itself. These latter infections, however, do not usually 
involve the U fibers, do have different signal intensity 
characteristics on T r and T 2 -weighted images, and 
tend to be symmetrical. Lesions in systemic lupus 
erythematosus may sometimes mimic PML, while 
PML may also occur in the context of systemic lupus 
erythematosus. Multifocal white matter involvement 
with some swelling of the subcortical lesions and 
stretching of the overlying cortex may also be seen in 
noninfectious inflammatory disorders, in particular 
multiple sclerosis and acute disseminated en- 
cephalomyelitis. Similar lesions have been reported in 
the context of the reversible posterior encephalo- 
pathy syndrome. In vasculitis, posterior reversible 



encephalopathy syndrome, and noninfectious in- 
flammatory disorders, white matter lesions are as a 
rule also asymmetrical, and differentiation from PML 
maybe impossible on the basis of MRI features alone. 
Clinical and laboratory information is necessary. In 
several inborn errors of metabolism and in several 
toxic encephalopathies, spongiform white matter 
changes occur, resulting in some white matter 
swelling and stretching of the overlying cortex, which 
is otherwise intact. The appearance of the white mat- 
ter changes shows similarities to those observed in 
PML, but the white matter abnormalities are usually 
symmetrical and usually generalized rather than 
multifocal. Some cases of PML resemble gliomatosis 
cerebri on MRI. However, in gliomatosis cerebri the 
border between white and gray matter is as a rule 
blurred, contrasting with the sharp border seen in 
PML. 
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Fig. 82.4. 
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Fig. 82.4. {continued). A 43-year-old man with rapidly pro- 
gressive neurological deterioration caused by PMLThis series 
of T 2 -weighted images {first, second, and third rows) show ex- 
tensive involvement of white matter structures. The cerebral 
white matter is affected, more seriously on the right side, with 
involvement of the corpus callosum.The abnormal white mat- 
ter is mildly swollen with thickening of the corpus callosum. 
The images could be considered suggestive of gliomatosis 
cerebri, but there is a sharp demarcation between the affected 
cerebral white matter and the unaffected overlying cortex.The 
basal ganglia are involved, but the structures mainly affected 



are the internal capsule and the laminae separating the differ- 
ent nuclei, resulting in a pattern of concentric partial circles. 
The brain stem and middle cerebellar peduncle on the right 
are affected. The affected white matter is mildly hypointense 
on T r weighted images {fourth row).There is one small focus of 
contrast enhancement. Diffusion-weighted Trace images 
(b = 1000, fifth row) show large areas of hyperintensity, which 
correspond to low ADC values and restricted diffusion. These 
findings indicate active infection of large areas, consistent 
with the dramatic clinical picture in the patient 



Chapter 83 

Brucellosis 



83.1 Clinical Features 

and Laboratory Findings 

Brucellosis is a zoonosis endemic in the eastern part 
of the Mediterranean, the Arabian peninsulas, and the 
Indian subcontinent. Infection of humans occurs by 
ingestion of raw meat, milk products, or direct con- 
tact with infected animals. Four species of Brucella 
can infect humans: Brucella melitensis, Brucella abor- 
tus, Brucella suis, and Brucella canis. After infection, 
bacteremia follows and the disease spreads to many 
organs and organ systems. Brucella species diffusely 
colonize the lymphoreticular system, with prolifera- 
tion of lymphocytes and macrophages. Formation of 
granulomas follows. 

The clinical symptoms are protean. The disease 
usually starts with an episode of malaise, fever, and 
arthralgia, and progresses slowly to more severe con- 
stitutional symptoms, including headache, nausea, 
vomiting, otalgia, hearing loss, ophthalmoplegia, and 
cardiac and neurological symptoms. Involvement of 
the CNS occurs in three major forms: leptomeningeal 
involvement in the bacteremic phase of the disease, 
peripheral nervous system involvement with poly- 
radiculoneuropathy, and slowly progressive central 
nervous system involvement with mild confusion, 
focal neurological symptoms such as dysarthria, and 
cognitive impairment, but occasionally also with 
multifocal serious symptoms due to multiple brain 
abscesses. In children and occasionally in adults the 
clinical and MRI features may resemble those of acute 
disseminated encephalomyelitis (ADEM). In some 
cases diabetes insipidus is present as the result of 
granulomatous involvement of the sellar contents. 
Spinal symptoms may result either from direct in- 
volvement of the spinal cord or from compression 
due to involvement of the vertebral column with for- 
mation of granulomas. 

Laboratory confirmation of brucellosis maybe dif- 
ficult. The CSF shows usually only mild pleocytosis 
and normal protein and glucose concentrations. IgG 
antibodies against Brucella may be found in the CSF, 
even with negative serum titers. Enzyme-linked im- 
munosorbent assay (ELISA) of the CSF may further 
assist in the diagnosis. In rare cases brain biopsy may 
lead to a correct diagnosis. 



83.2 Pathology 

There are few reports on the neuropathology of neu- 
robrucellosis. They describe various degrees of vas- 
cular inflammation, ranging from chronic infiltration 
with lymphocytes, plasma cells, and macrophages to 
acute polymorphic infiltration that may cause ab- 
scesses, necrosis, and aneurysm formation. Diffuse 
meningeal inflammation may occur as well as inflam- 
matory cell infiltration of the perineurium of nerve 
roots. Little has been published about the nature of 
the involvement of the cranial nerves and the inner 
ear. Inflammation of the inner ear seems a more prob- 
able cause of the progressive hearing loss than affec- 
tion of the eighth cranial nerve. 

Although demyelination is presumed by several 
authors to be present in patients with white matter 
abnormalities, especially those presenting with the 
clinical picture of ADEM, no histopathological evi- 
dence of demyelination has been provided. Occasion- 
ally data have been obtained because a brain biopsy 
was performed. In a patient with diffuse white matter 
involvement and progressive encephalopathy, biopsy 
revealed abundant inflammatory cells in the white 
matter, with lymphocytic infiltrates in the lepto- 
meninges surrounding the cortical vessels (Seidel et 
al. 2003). No significant demyelination was found in 
the affected area. Reactive astrogliosis was found in 
the cortex. Marked activation of microglia was 
demonstrated by immune staining of MHC complex 
class II antigens. The infiltrates in the white matter 
consisted mainly of CD8+ T-cell lymphocytes. 



83.3 Pathogenetic Considerations 

Brucellae are intracellular, nonmobile, gram-negative 
coccobacilli capable of replication within mononu- 
clear phagocytes. Ingestion of infectious products, 
most often unpasteurized milk, is followed by 
hematogenous dissemination, residence of the bru- 
cellae in the reticuloendothelial system, and subse- 
quent involvement of multiple organs or organ sys- 
tems, resulting in a variety of clinical symptoms. In 
4-15% of patients the CNS is involved. The presence 
of the brucellae leads to an inflammatory-granulo- 
matous response and, in the CNS, sometimes to mul- 
tiple brain abscesses. Involvement of venous struc- 
tures may lead to sinus thrombosis. The abundance of 
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Fig. 83.1. Brucellosis in a 70-year-old man. The FLAIR images 
{first and second rows) show frontoparietal involvement of the 
arcuate fibers and a hyperintense rim around the ventricles. 



The T r weighted images after contrast {third row) show en- 
hancement of the leptomeninges. From Al-Sous et al. (2004), 
with permission 



CD8+ T-cell lymphocytes in white matter lesions sug- 
gests that the white matter lesions are induced by T- 
cell-mediated toxic injury. This would imply that the 
pathogenesis of the lesions is different from lesions 
seen in autoimmune -related disorders such as acute 
disseminated encephalomyelitis. It is unclear why in 
some cases the sellar region is involved or the spinal 
cord in others. 



83.4 Therapy 

The correct diagnosis is essential because brucellosis 
is a treatable condition. Once diagnosed, neurobru- 
cellosis can be treated with a combination of antibi- 
otics. Most often this is done by an intravenous course 
for several weeks, followed by an oral course for many 
months. 
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Fig. 83.2. Brucellosis in a 50-year-old man. The FLAIR images 
show a more irregular pattern of involvement of the arcuate 
fibers and a more prominent rim around the ventricles, with 



extension into the deep frontal white matter, than seen in 
Fig. 83.1 . In this case there are also lesions in the midbrain and 
pons. From Al-Sous et al. (2004), with permission 



83.5 Magnetic Resonance Imaging 

An MR inventory of suspected inflammatory-granu- 
lomatous disorders should aim at the depiction of the 
various disease manifestations of these disorders, 
guided by the clinical symptoms. The structures that 
should obtain special attention are: 

• The leptomeninges, especially in the early phase of 
the disease (T 2 -weighted images, T x -weighted im- 
ages without and with contrast, in transverse and 
coronal planes) (Fig. 83.1) 

• The white matter (proton density, T 2 -weighted, 
and FLAIR images, contrast-enhanced T x -weight- 
ed images) (Figs. 83.1-83.3) 

• The sellar region (sagittal and coronal Tl -weight- 
ed images with fat-suppression, without and with 
contrast enhancement (Fig. 83.4) 

• The spinal cord (sagittal T r and T 2 - weighted im- 
ages of the entire spinal canal, transverse images 
when lesions are present (Figs. 83.3 and 83.5) 



Leptomeningeal involvement occurs usually in the 
early phase of the disease. 

White matter involvement may occur in a number 
of different patterns. First of all, a multiple sclerosis or 
ADEM-like type of involvement may occur with 
asymmetrical large patchy hyperintense lesions on 
T 2 -weighted and FLAIR images (Figs. 83.1 and 83.2). 
Secondly, a symmetrical pattern of diffuse involve- 
ment of subcortical white matter is sometimes seen 
without involvement of the corpus callosum. Some- 
times the abnormalities are more extensive and dif- 
fusely involve the subcortical and periventricular re- 
gions, again without participation of the corpus cal- 
losum (Fig. 83.3). Occasionally there are (asymmet- 
ric) lesions in the basal ganglia (Fig. 83.3). Some of 
these basal ganglia lesions may be hemorrhagic and 
some may enhance after contrast administration. In 
later phases lacunar infarctions may be seen, mainly 
in the basal ganglia. In all cases and especially in the 
early phase of the disease, leptomeningeal enhance- 
ment may occur (Fig. 83.1). 
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Fig. 83.3. Brucellosis in a 65-year-old patient with both cere- 
bral and spinal abnormalities.The two upper images on the left, 
FLAIR and T 2 -weighted respectively, show symmetrical in- 
volvement of most of the cerebral white matter, most promi- 
nently of the arcuate fibers and the external capsule.The low- 
er left image, T r weighted with contrast, shows meningeal in- 
volvement and abscess formation with a cyst-like component 



and a more solid component in the deep frontal white matter. 
The abscess is surrounded by an enhancing rim;the solid part 
of the lesions enhances in toto. The sagittal and transverse 
T 2 -weighted images of the thoracic spinal cord show a lesion 
in the center of the thoracic cord {arrow). From Seidel et al. 
(2003), with permission 



Lesions in the perisellar, suprasellar, and intrasel- 
lar region may be the only intracranial manifestation 
of brucellosis (Fig. 83.4). They may also occur in com- 
bination with white matter lesions. 

Spinal cord abnormalities may show enhancement 
in the acute phase. Nerve roots may also show en- 
hancement (Fig. 83.5). In the later phases spinal cord 
atrophy is usually found. 

Unusual manifestations are superior sagittal sinus 
thrombosis and single or multiple brain abscesses 
(Fig. 83.3). 

When multiple sclerosis-like white matter abnor- 
malities are present, the differential diagnosis in- 



cludes inflammatory conditions like multiple sclero- 
sis, acute demyelinating encephalomyelitis, neu- 
roborreliosis, and systemic lupus erythematosus. 
When more diffuse and symmetrical white matter ab- 
normalities are present, the differential diagnosis 
may be more difficult and may includes many inher- 
ited conditions, depending on the exact pattern of ab- 
normalities present. Leptomeningeal enhancement 
after contrast injection may support the diagnosis of 
neurobrucellosis. The peri-, intra-, and parasellar 
manifestations have to be differentiated from neu- 
rosarcoidosis, pituitary tumors, Langerhans cell histi- 
ocytosis, and Whipple disease. 
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Fig. 83.4. Brucellosis in a 30-year-old 
woman. Coronals-weighted images 
with contrast show a suprasellar gran- 
uloma as the sole manifestation of 
the disease. The differential diagnosis 
of this phenomenon includes Langer- 
hans cell histiocytosis, Whipple 
disease, neurosarcoidosis, and Tolosa- 
Hunt syndrome. From Al-Sous et al. 
(2004), with permission 




Fig. 83.5. "^-weighted images in the 
transverse and sagittal plane in a 
32-year-old man with brucellosis.The 
images on the left areT r weighted 
images without contrast, those on the 
right with contrast. After contrast 
administration, caudal roots show 
enhancement. From Al-Sous et al. 
(2004), with permission 




Chapter 84 

Subacute Sclerosing Panencephalitis 



84.1 Clinical Features 

and Laboratory Investigations 

Subacute sclerosing panencephalitis (SSPE) is one of 
the slow virus infections of the CNS. It is a rare disor- 
der, but it is the commonest of the chronic virus infec- 
tions to affect children. It is caused by measles virus 
and occurs in approximately 4:100,000 cases of 
measles. SSPE is a disease of childhood and adoles- 
cence, with an age of onset range of 4-25 years and a 
peak incidence at 9-17 years. SSPE is rare in adults. 
The disease occurs on average 9 years after the initial 
infection. There is a racial difference in incidence of 
SSPE: in the United States the incidence is four times 
higher in whites than in blacks. Boys outnumber girls 
by 3 or 2 to 1 . Children who acquire measles infection 
under the age of 1 year are more likely to develop 
SSPE. The mean age at infection is 12-14 months. In 
exceptional cases SSPE can also occur after live 
measles immunization, but the incidence is highly re- 
duced after immunization. Since the introduction of 
measles vaccination, the incidence of SSPE has be- 
come very low in countries where a high immuniza- 
tion coverage (~ 95%) is achieved. 

The clinical syndrome of SSPE is rather variable. 
The duration of the disease ranges from 3 months to 
more than 7 years. Although there is a marked varia- 
tion in presenting signs and in the sequence of events, 
four clinical phases can usually be discerned. Stage I 
is characterized by an insidious deterioration of be- 
havior and intellectual performance. The duration of 
this stage is usually several months, but the exact time 
of onset of the disease is often difficult to determine. 
Personality changes occur with withdrawn, timid, or 
aggressive behavior. These changes are followed by 
lethargy, drooling, slurred speech, and paucity of 
speech. Soon after the onset of intellectual deteriora- 
tion, visual disturbances can often be detected. These 
are either related to progressive chorioretinitis or to 
lesions of the central visual pathways. In stage II, mas- 
sive, repetitive, and frequent myoclonic jerking oc- 
curs. The myoclonia develops slowly and irregularly, 
but gradually affects all somatic muscle groups, espe- 
cially the axial muscles, in a reasonably symmetric 
fashion and at a regularly repetitive rate. The my- 
oclonus may be sufficiently severe to throw the child 
to the floor. The jerking interferes with intentional 
movements, giving the impression of clumsiness. The 
jerking is absent during sleep. Seizures of a more con- 
ventional type may also occur, such as focal motor, 



generalized, and psychomotor convulsions. They may 
even precede the myoclonic jerking. Mental deterio- 
ration becomes progressively more obvious. At this 
stage, choreoathetosis, ataxia, tremor, and spasticity 
are common. The duration of stage II varies from 1 
month to 1 year or more. In some patients the disease 
is arrested in stage II and remains in this stage for 
years. In stage III there is severe dementia. The spas- 
ticity increases, and the child becomes bedridden. Ex- 
trapyramidal dysfunction of the parkinsonian type is 
frequent. Nasogastric tube feeding is often required at 
this time because of progressive bulbar palsy. Hyper- 
thermia may be found without evidence of infection. 
It is the rule that the myoclonia diminishes in stage 
III. Stage IV is the final stage in which the child is in a 
vegetative state, characterized by mutism and decor- 
ticate or decerebrate postures. There is no bladder or 
bowel control. Ophthalmological abnormalities occur 
in 50% of patients and include optic atrophy and 
chorioretinitis. The chorioretinitis may be most 
marked at the maculae, where scars are seen with 
characteristic pigmentation. There are signs of auto- 
nomic dysfunction, such as hyperthermia, severe per- 
spiration, and changes in heart rate and blood pres- 
sure. The duration of stage IV varies from 1 to 6 years. 
Most patients die during stage III or IV from car- 
diorespiratory complications related to impaired cen- 
tral mechanisms controlling temperature, cardiac, 
and respiratory functions. Another common cause of 
death is infection. Spontaneous long-term remissions 
are exceedingly rare, but may occur. 

The clinical diagnosis of SSPE is confirmed by the 
finding of increased levels of anti-measles virus anti- 
body in serum and CSF with an elevated CSF-to- 
serum ratio in antibody level. The CSF is clear, and the 
pressure and glucose concentration are normal. Mod- 
erate pleocytosis (5-20 mononuclear cells per milli- 
liter) is often present. The protein level is usually nor- 
mal or mildly elevated; a level that exceeds 0.90 g/1 is 
uncommon. The level of IgG as a percentage of total 
protein is highly increased, and oligoclonal bands are 
present. Measles-specific IgG antibodies represent 
nearly 10-20% of total serum IgG and about 75% of 
the total CSF IgG. There is always an elevated CSF- to - 
serum ratio of IgG, especially of measles virus anti- 
bodies, indicating local production of measles virus 
antibodies within the CNS. 

Another confirmatory finding is a characteristic 
EEG pattern of periodic complexes consisting of bi- 
lateral synchronous, symmetric, 2- to 4-Hz high-am- 



plitude sharp and slow wave bursts, which may occur 
every 5-7 s. These periodic complexes occur simulta- 
neously with the involuntary myoclonic movements. 
In stage I the EEG may be normal or show only mild 
to moderate, nonspecific slowing. Stage II is charac- 
terized by the occurrence of the periodic complexes; 
the background pattern is still relatively normal. In 
stage III, the background rhythm slows, and fewer 
bursts of periodic complexes occur. Stage IV has slow 
delta activity and rare SSPE complexes. These com- 
plexes in association with myoclonic seizures provide 
strong corroborative evidence of SSPE. However, 
periodic complexes are also seen in other diffuse 
cerebral disorders, such as some lysosomal storage 
disorders, mitochondrial encephalopathy (MERRF), 
cerebral anoxia, and widespread infections of the 
brain. 



84.2 Pathology 

The pathology of SSPE is restricted to the CNS. The 
leptomeninges are thickened. The brain may show at- 
rophy during the terminal stages of disease but is oth- 
erwise normal on external examination. On slicing 
the brain, discolored areas are seen. Microscopically, 
the disease appears to be multifocal in character and 
may involve all portions of the CNS, with the excep- 
tion of the cerebellum, which is rarely affected. The 
frontal lobes are involved first, followed by the pari- 
etal, temporal, and occipital lobes, basal ganglia, brain 
stem, and spinal cord. The typical pathological find- 
ings include perivascular infiltration by mononuclear 
cells in gray and white matter and proliferation of 
both macroglia and microglia. Astrocyte proliferation 
can be particularly pronounced in white matter. Neu- 
ronal degeneration and neuronal loss may be severe. 
Neurofibrillary tangles are seen. Demyelination is fo- 
cal and not always conspicuous. The subcortical white 
matter is mainly affected, first with inflammation and 
then with destruction. In the later stages of the dis- 
ease both cortical atrophy and demyelination are 
more pronounced. Intranuclear and intracytoplasmic 
inclusions are present in neurons, astrocytes, and 
oligodendrocytes. Immunohistochemistry has re- 
vealed measles virus antigen in neurons, oligoden- 
drocytes, and inflammatory cells. CD4+ T lympho- 
cytes have been demonstrated in the perivascular ar- 
eas and CD8+ T lymphocytes in the parenchyma. 

Ultrastructural examination shows the presence of 
paramyxovirus particles. A spectrum of viral inclu- 
sions and particles has been reported. Some inclu- 
sions fill nuclei, whereas smaller particles, nucleocap- 
sids, and virions of different configurations are found 
in either the nucleus or the cytoplasm of oligoden- 
droglial cells and neurons. Nuclear bodies and gran- 
ulofilamentous inclusions occur in astrocytes. 
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84.3 Pathogenetic Considerations 

Measles virus is a member of the Morbillivirus genus 
in the Paramyxoviridae family. SSPE is a rare compli- 
cation of measles infection and differs from the acute 
measles encephalitis that may occur during or imme- 
diately after acute measles infection. The main risk 
factor is acquiring the infection at or before the age of 
lyear. The elevated serum and CSF anti-measles 
virus antibody levels in patients suspected of having 
SSPE are indicative of an active measles virus infec- 
tion of the brain. Inclusions with paramyxovirus par- 
ticles have been demonstrated in neuronal and glial 
cells in SSPE. The cellular inclusions react with anti- 
measles virus antibodies. For a long time, however, 
the virus could not be recovered from brain tissue by 
conventional methods. Successful isolation of the 
measles virus was finally accomplished by cocultivat- 
ing brain cells of SSPE patients with cells known to 
support measles virus replication. After the isolation 
of the virus, the agent was studied extensively to de- 
termine its structural and biological characteristics. 
Its ultrastructural features are similar to those of 
measles virus. Further studies of the immune re- 
sponse in patients demonstrated the absence of 
serum antibody to the matrix (M) protein of measles 
virus. The M protein is associated with the inner sur- 
face of the viral membrane. It is important in the as- 
sembly of the virus particle, which occurs by a bud- 
ding process from the surface membrane of the in- 
fected cell. Subsequent studies demonstrated the ab- 
sence of measles virus M protein in the brain tissue of 
patients with SSPE. More recent studies have demon- 
strated that the measles viruses isolated from the CNS 
of SSPE patients have major mutations in the M pro- 
tein gene. As a consequence, the budding process is 
defective. Without budding, the replicating intracellu- 
lar virus may go into a dormant phase. However, M 
protein gene mutations thought to be characteristic 
of SSPE viruses have also been found in measles virus 
isolated in the acute stage of measles infection and it 
is therefore unclear whether these mutations are crit- 
ical for the development of SSPE. Regardless of the 
precise explanation, the absence of M protein ex- 
plains many of the virological features of SSPE. Lack 
of M protein results in a persistent, abortive infection, 
in which no mature infectious virus is produced in 
the extracellular space. The internal components of 
the virus accumulate in the cells. It is thought that in 
the time between primary measles virus infection 
and the onset of SSPE symptoms, viral nucleocapsids, 
RNA, and probably other gene products accumulate 
in cells of the nervous system and spread from cell to 
cell through the nervous system. The onset of SSPE 
symptoms is usually ascribed to altered cell function 
and cell death, resulting from excessive accumulation 
of viral products. The intracellular virus is never in 
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contact with the extracellular space, as a consequence 
of the absence of M protein and the resulting inabili- 
ty of the virus to assemble and bud. Only when cells 
begin to deteriorate and die does the virus make con- 
tact with the immune system, causing a rise in anti- 
measles antibodies, except antibodies to M protein. 
The antibodies produced are ineffective in eradicat- 
ing the intracellular virus. 

Other mutations in the measles virus genome may 
contribute to the risk of SSPE. Fusion protein (F pro- 
tein) and hemagglutinin (H protein) are two surface 
glycoproteins. Truncations in the cytoplasmic do- 
main of the F protein impede efficient virus assembly 
and budding. Loss of glycosylation in the H protein 
leads to inefficient membrane transport. These fea- 
tures lead to reduced amounts of envelope protein on 
the cell surface and may prevent association with the 
M protein, which leads to hampered assembly and 
budding of mature measles virus particles. Mutations 
in H and F proteins may also lead to enhanced cell- 
cell fusion and spread of the virus from cell to cell, 
making it possible for the defective virus to accumu- 
late readily and spread without the need at any stage 
for viral maturation and budding. 

Host factors seem also to be important in predis- 
posing individuals to SSPE. In human beings the pri- 
mary infection seems to occur during a critical peri- 
od in early life when passive maternal immunity has 
faded, in particular before the age of 1 year. Immatu- 
rity of the host immune system and CNS has been 
suggested to contribute to the increased risk for SSPE 
development among infants. Other genetic factors 
(male versus female; racial differences) seem to con- 
tribute and may determine components of the im- 
mune system. 



84.4 Therapy 

There is no effective treatment for SSPE. The disease 
leads to death in most cases, but there may be sponta- 
neous temporary improvement or an arrest of further 
progression for a number of years. Attempts to alter 
the disease course with antiviral agents, such as 
amantadine (Symmetrel), 5-bromodeoxyuridine, or 
inosiplex (Isoprinosine,Viruxan) have failed, which is 
not surprising in view of the marked cell-associated 
nature of the virus. Intraventricular interferon- alfa- 
2b, usually applied in combination with oral inosi- 
plex, seems to have a higher remission and survival 
rate. Some patients have been treated with a combina- 
tion of intraventricular interferon-alfa-2b and rib- 
avirin. Subcutaneous interferon-beta has been ap- 
plied in patients who could not receive interferon-al- 
fa and has also demonstrated beneficial effects. Both 
medications are broad-spectrum antiviral agents 
with activity against both DNA and RNA viruses. In 
the case reports of a few patients, the addition of rib- 



avirin stopped the progression of brain atrophy and 
improved the clinical condition. 

The problem in trials concerning SSPE is the very 
small number of patients that can be included in the 
Western hemisphere, so that multicenter, internation- 
al collaboration is necessary. 



84.5 Magnetic Resonance Imaging 

CT is normal during the initial stage of the disease, 
shows multiple low-density areas in the white matter 
and basal nuclei in subsequent stages, and shows se- 
vere atrophy in the end stage. Low-density areas may 
show contrast enhancement. 

In the earliest stage, MRI may be normal, but it 
shows abnormalities before CT does. Early changes 
may involve the basal ganglia (Fig. 84.1), lateral genic- 
ulate bodies, or the disease may present with multifo- 
cal white matter lesions, which have a preference for 
hemispheric subcortical white matter (Fig. 84.2). In 
more extensive lesions, the deep and periventricular 
white matter are involved additionally (Fig. 84.3). The 
abnormalities are often asymmetrical (Fig. 84.2), but 
in many cases they are extensive and symmetrical 
(Fig. 84.3). The overlying cortex is often also affected 
(Fig. 84.2). Large focal lesions involving white and 
gray matter, resembling infarctions, may occur. These 
lesions may enhance initially and subsequently be- 
come nonenhancing. The white matter changes may 
decrease or resolve, even in the presence of clinical 
deterioration. Bilateral striatal lesions (Fig. 84.1), 
bilateral lesions in the middle cerebellar peduncles, 
brain stem lesions, and cerebellar abnormalities may 
occur. In end-stage disease, severe atrophy of cere- 
brum, basal ganglia, brain stem, and cerebellum is 
found, often with global and generalized white matter 
signal abnormality. 

MR spectroscopy, either as chemical shift imaging 
or as single voxel measurements, may help to estimate 
the stage of the disease. In stage I, MRS findings do not 
differ significantly from those in normal age-matched 
volunteers. In stage II, there is still a normal AT-acetyl- 
aspartate/creatine ratio, but an increased choline/ 
creatine ratio. The myo-inositol/creatine ratio is in- 
creased in this and the subsequent stages. This would 
correspond with an early inflammatory reaction. In 
stage III, MRS shows decreased JV-acetylaspartate/ 
creatine, increased choline/creatine, increased myo- 
inositol/creatine, and elevated lactate and lipid peaks, 
suggesting demyelination, gliosis, neuronal loss, and 
macrophage activation, macrophages being highly 
dependent on anaerobe glycolysis. 

The differential diagnosis includes other causes of 
multifocal abnormalities of gray and white matter, in- 
cluding acute disseminated encephalomyelitis, pro- 
gressive multifocal leuko encephalopathy, multiple 
sclerosis, and vasculitides. In some cases of SSPE, 
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Fig. 84.1 . In this 9-year-old boy with SSPE, MRI initially showed 
only a few moderately abnormal white matter lesions in the 
centrum semiovale. The MRI in this figure was performed 7 
months later, when signs of neurological dysfunction were 



much more severe, and shows lesions of the body of the cau- 
date nucleus on the left and in the putamen on both sides. 
There is still a somewhat higher signal intensity of the parietal 
deep white matter 




Fig. 84.2. In this 3-year-old boy with SSPE,T 2 -weighted trans- 
verse and coronal images show asymmetrical involvement of 
the subcortical and deep white matter, most severe on the left. 



The overlying cortex is also abnormal. Courtesy of Dr. M. Pine- 
da, Department of Neuropediatrics, Clinic-Hospital Sant Joan 
de Deu, Barcelona, Spain 
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Fig. 84.3. This 20-year-old man with SSPE is in a far advanced 
stage of the disease. There are extensive abnormalities in the 
cerebral white matter, most severe in the posterior region,also 
involving the splenium of the corpus callosum, reminiscent of 
the cerebral form of X-linked adrenoleukodystrophy. However, 
there is no enhancement after contrast (not shown). There are 



also extensive signal abnormalities in the brain stem, middle 
cerebellar peduncles, internal capsule. The basal ganglia dis- 
play subtle signal abnormalities.There is some atrophy. Cour- 
tesy of Dr. Z. Patay, Department of Radiology, King Faisal Spe- 
cialist Hospital and Research Center, Riyadh, Saudi Arabia 



MRI shows symmetrical white matter lesions in the 
occipital area and splenium of the corpus callosum, 
simulating X-linked adrenoleukodystrophy. In cases 
with involvement of the basal nuclei, the differential 
diagnosis includes Creutzfeldt- Jakob disease, mito- 



chondrial disorders, in particular Leigh syndrome, 
and other neurodegenerative disorders. EEG and lab- 
oratory findings help to establish the correct diagno- 
sis. 



Chapter 85 

Congenital and Perinatal Cytomegalovirus Infection 



85.1 Clinical Features 

and Laboratory Investigations 

Cytomegalovirus (CMV) is a member of the Her- 
pesviridae family of large DNA viruses, along with 
herpes simplex virus types 1 and 2, Epstein-Barr 
virus, varicella-zoster virus, and human herpes virus- 
es 6 and 7. These viruses share the biological proper- 
ties of latency and potential reactivation. Infection 
with one member of the family does not confer im- 
munity against infection or disease with the other 
members of the herpes family. Naturally acquired 
CMV infection induces cross-reactive immunity to 
infection with new strains of CMV, but this protection 
is not complete, because reinfection with a second 
strain of CMV has been documented. 

Infection with CMV occurs in several ways: first, by 
close or intimate contact of either a sexual or nonsex- 
ual nature with another person who is shedding the 
virus in bodily secretions; secondly, vertically from 
mother to infant by transplacental infection; thirdly, 
by blood product transmission from a CMV-seropos- 
itive donor. In congenital and neonatal CMV infec- 
tion, the mother plays a dominant role. Infection of 
the mother with CMV can be either a primary infec- 
tion or a reactivation of an earlier infection. The risk 
of congenital CMV infection in the infant is much 
higher in the case of a primary infection in the moth- 
er than in the case of reactivation of an old infection. 
The transmission rate in a primary infection is 
40-50%, whereas it is approximately 1-2% in recur- 
rent infection. Infants may also be infected during de- 
livery from CMV-infected maternal vaginal secre- 
tions or, postnatally, by infected breast milk. Children 
not congenitally or perinatally infected may acquire 
the disease during the toddler or preschool years by 
contact with family members or other children. Blood 
transfusions can also be a source of CMV infection; 
donor-to-recipient transmission of CMV has been 
documented. CMV may also be transmitted and pro- 
duce a congenital infection if a pregnant woman or 
her fetus receives a blood product transfusion from a 
CMV- seropositive donor. 

Approximately 1 % of all newborns are congenital- 
ly infected with CMV, making CMV the most com- 
mon congenital infection. Of the neonates infected 
with CMV, approximately 10% will have symptoms at 
birth that are commonly associated with congenital 
CMV disease, including intrauterine growth retarda- 



tion, jaundice, hep ato splenomegaly, petechiae or pur- 
pura, and pneumonia. Hepatomegaly, splenomegaly, 
and petechiae are the most common. The liver is usu- 
ally smooth and nontender and commonly measures 
5 cm or more below the right costal margin. Ascites 
may be present prenatally and persist postnatally for 
1-2 weeks. The hepatomegaly usually resolves by 3 
months of age, and persistence beyond 1 year is high- 
ly unusual. Mild hepatitis is usually present. Hyper- 
bilirubinemia, on the other hand, may be quite strik- 
ing, with very high conjugated (direct) bilirubin lev- 
els. The abnormal results of liver function tests grad- 
ually resolve during the first few weeks of life. Chronic 
hepatitis due to congenital infection with CMV is un- 
usual but may occur. Enlargement of the spleen is 
very common in congenital CMV infection, and in 
some cases it may be the only abnormality detectable 
at birth. Petechiae in congenital CMV disease are usu- 
ally pinpoint and generalized over the infant's trunk 
and extremities. If present at birth, they can be tran- 
sient and resolve within 48-72 h. They can be the 
only apparent manifestation of CMV infection. How- 
ever, more commonly, the triad of hepatomegaly, 
splenomegaly, and petechiae is seen. Petechiae are 
usually, but not always, accompanied by thrombo- 
cytopenia, and platelet counts in the first few weeks of 
life range from 2,000/mm 3 to 125,000/mm 3 . Hemolyt- 
ic anemia may also be present. Pneumonitis is unusu- 
al but, if present, it is usually a severe, interstitial 
pneumonitis occurring in the context of a diffuse, 
multisystem infection. Post-transfusion CMV infec- 
tion in neonates, especially premature infants, may 
cause a syndrome of shock, lymphocytosis, and pneu- 
monitis. The mortality rate of neonatally sympto- 
matic CMV infection is 10-30%. 

CNS manifestations are common in neonates with 
a symptomatic CMV infection and include lethargy, 
poor feeding, seizures, hypertonia or hypotonia, 
microcephaly, chorioretinitis, and sensorineural 
deafness. Ocular involvement with CMV occurs in 
10-20% of symptomatic infants. Most commonly it 
produces a chorioretinitis that is usually old and inac- 
tive at birth. The retinitis is usually unilateral but can 
produce blindness if the macula is involved, as well as 
strabismus and optic atrophy. Congenital CMV and 
congenital toxoplasmosis produce similar lesions; 
however, congenital CMV characteristically does not 
produce microphthalmia or cataracts, and alternative 
diagnoses, such as congenital rubella or toxoplasmo- 
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sis or metabolic disorders, should be considered if 
these eye findings are present. Microcephaly may be 
present at birth. It may be part of the overall small size 
of a growth-retarded infant or may be disproportion- 
ate and accompanied by normal weight, length, and 
chest circumference. Infants may also have septal de- 
fects, biliary atresia, inguinal hernias, hip dislocation, 
and other musculoskeletal abnormalities. In addition, 
infants with toxoplasmosis, herpes simplex, syphilis, 
and HIV infections may be coinfected with CMV, and 
infants with metabolic disorders may have congenital 
CMV infection as well. 

About 90 % of the infants with an intrauterine CMV 
infection are asymptomatic at birth. Ten to fifteen per- 
cent of the infants with a congenital CMV infection 
that is clinically silent in the neonatal period, and al- 
most all neonates with a neonatally symptomatic in- 
fection, develop persistent problems, most commonly 
neurological impairment, sensorineural hearing 
deficits, and decreased vision related to chorioretinitis 
or optic atrophy. Approximately half of the infants 
with symptomatic and 15% of infants with asympto- 
matic congenital CMV infection will have or develop 
an associated hearing loss. The hearing loss may still 
develop many years after the initial infection and may 
fluctuate in severity. The vision loss, too, may be pro- 
gressive or of late onset. The severity of the neurolog- 
ical impairment is highly variable. At the severe end of 
the spectrum are profound mental deficiency and mo- 
tor handicap, often with serious spasticity; at the mild 
end are learning, behavioral, and motor coordination 
problems. Epilepsy may occur, in particular in patients 
with more severe handicap. The encephalopathy has 
never been observed to be progressive. 

These numbers indicate that congenital CMV is 
one of the leading causes of mental deficiency. The 
numbers also indicate that most infants with a con- 
genital CMV infection have no sequelae at all. 

The diagnostic time frame for congenital or peri- 
natal CMV infection is only the first 3 weeks after 
birth. CMV infection is very common and a postnatal 
infection may readily occur. It is therefore important 
that the test is performed soon after birth. Positive 
tests after the age of 3 weeks can indicate either a con- 
genital, perinatal, or postnatal infection. 

An important test for the diagnosis of congenital 
CMV infection in neonates is the isolation of the virus 
from urine, saliva, or tissue obtained during the first 3 
weeks of life. All infants in whom the diagnosis is sus- 
pected should have a viral culture performed. The 
virus is usually present in a very high titer, and cul- 
tures are commonly positive within 2-3 days of incu- 
bation. Excretion of the virus in the urine may persist 
for years. 

Standard serological tests, such as detection of 
CMV IgG and IgM antibodies, alone or as part of a 
TORCH titer panel, are commonly used to diagnose 



congenital CMV infection, but this approach has sev- 
eral drawbacks. Although the absence of IgG antibod- 
ies to CMV in cord or infant blood probably rules out 
congenital CMV infection in an immune-competent 
mother-infant pair, the presence of IgG antibodies 
has limited value, because 50-80% of women of 
childbearing age will have anti-CMV IgG antibodies 
that will be transplacentally transferred to their in- 
fant. A significantly higher titer of IgG antibodies to 
CMV in the infant than in the mother may imply an 
active congenital infection, but in practice this differ- 
ence is usually difficult to ascertain. Serological sam- 
ples obtained serially at 1,3, and 6 months may rule 
out congenital infection if the level of CMV antibod- 
ies gradually declines, but if the levels persist, serolog- 
ical test results alone cannot determine whether the 
infection was of congenital or postnatal origin. The 
presence of IgM antibodies at birth, however, is high- 
ly suggestive of a congenital CMV infection, provided 
the test was performed properly, but confirmatory 
urine culture for CMV is recommended for a defini- 
tive diagnosis. It is important to realize that a negative 
CMV IgM antibody test does not exclude the diagno- 
sis of congenital infection. Anti-CMV IgM antibodies 
are found in only 70-80 % of the congenitally infected 
infants. More recently, the PCR technique has been in- 
troduced to demonstrate the presence of the virus in 
tissue or body fluids. CMV DNA has been detected by 
PCR in urine, saliva, and CSE 

The biggest problem with establishing the diagno- 
sis of congenital CMV has been that it cannot be con- 
firmed after the neonatal period. In the absence of 
overt neonatal signs, infants with congenital or peri- 
natal CMV infection are not tested for the presence of 
the virus, viral DNA, or antibodies within the appro- 
priate time frame of 3 weeks. The infants with a 
neonatally asymptomatic congenital CMV infection 
who develop neurological sequelae usually come to 
medical attention after the age of 6-9 months because 
of developmental delay or hearing loss, and at that 
time it is no longer possible to confirm the diagnosis 
with conventional techniques. However, the PCR 
technique allows a delayed diagnosis if neonatal body 
fluids are still available. The Guthrie card is usually 
the only source of neonatal blood kept beyond the 
neonatal period. The Guthrie card is the filter paper 
used to collect blood spots in the neonatal period for 
neonatal screening tests. These cards are stored for a 
variable number of months to years. The introduction 
of PCR on Guthrie cards for the diagnosis of congen- 
ital CMV creates the opportunity for correct diagno- 
sis beyond the neonatal period. The sensitivity of the 
PCR for CMV DNA on Guthrie cards is 100% and the 
specificity is 99 %. The only disadvantage of the test is 
that the PCR is negative if the neonate no longer had 
viremia. The chance that a neonate with a congenital 
CMV infection no longer has viremia is very small but 
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may exist, especially if the CMV infection occurred 
long before birth. 

In the neonate with congenital infection, the differ- 
ential diagnosis includes any of the TORCH (toxo- 
plasmosis, rubella, CMV, herpes simplex) agents. Con- 
genital toxoplasmosis may mimic congenital CMV in- 
fection. In parts of Europe, particularly France and 
Belgium, congenital toxoplasmosis is a common and 
significant problem. It is less common in the USA. 
Other congenital infections to be considered include 
lymphocytic choriomeningitis virus (LCMV) infec- 
tion, syphilis, enteroviral disease, and human immun- 
odeficiency virus (HIV) infection. 



85.2 Pathology 

Pathological data in congenital and neonatal CMV in- 
fections stem from lethal infections and are therefore 
highly biased towards the severe end of the clinical 
spectrum. Some of these infants were stillborn; others 
survived for several days or weeks. Microcephaly was 
present in most of the patients. Other findings includ- 
ed meningoencephalitis, periventricular necrosis 
with associated calcifications, more diffuse calcifica- 
tions, extensive cortical necrosis with calcifications 
frequently involving the convexity of the gyri, distur- 
bance of neuronal migration (ranging from lissence- 
phaly to poly microgyria), ventriculomegaly, cerebel- 
lar hypoplasia, and marked disruption of the cerebel- 
lar architecture. In about half of the cases intranu- 
clear inclusion bodies are found, while systemic 
inclusion bodies are found in nearly all cases, in par- 
ticular in the kidney, lungs and liver. 

In clinical specimens, one of the classic hallmarks 
of CMV infection is the cytomegalic inclusion cell. 
These massively enlarged cells (the property of cyto- 
megaly gave CMV its name) contain intranuclear 
inclusions, which histopathologically have the ap- 
pearance of owPs eyes. The presence of these cells 
indicates productive infection, although they may be 
lacking even in actively infected tissues. In most cell 
lines, CMV is difficult to culture in the laboratory, 
but in vivo infection seems to involve chiefly epithe- 
lial cells, and, with severe disseminated CMV disease, 
involvement can be observed in nearly all organ sys- 
tems. 

There are no pathology data on the nature of the 
white matter abnormalities observed in children with 
a mild neurological handicap. 



85.3 Pathogenetic Considerations 

CMV is a member of the family of eight human her- 
pes viruses, and is designated human herpes virus 5 
(HHV-5). It is the largest member of the herpes virus 



family, with a double-stranded DNA genome of more 
than 240kilobase pairs, capable of encoding more 
than 200 proteins. The function of most of these pro- 
teins remains unclear. As with the other herpes virus- 
es, the structure of the viral particle is that of an 
icosahedral capsid, surrounded by a lipid bilayer out- 
er envelope. 

Better understanding of the process of viral repli- 
cation provides insights into molecular mechanisms 
of immunity and opens therapeutic windows. CMV 
replicates very slowly in cell culture, reflecting its very 
slow pattern of growth in vivo (in contrast to herpes 
simplex virus infection, which progresses very rapid- 
ly). The replication cycle of CMV is divided temporal- 
ly into three regulated classes: immediate early, early, 
and late. 

Immediate early gene transcription occurs in the 
first 4 h following viral infection, and key regulatory 
proteins are made which allow the virus to take con- 
trol of cellular machinery. The major immediate ear- 
ly promoter of the CMV genome involved in this part 
of the process is one of the most powerful eukaryotic 
promoters described in nature, and has been exploit- 
ed in modern biotechnology as a useful promoter for 
driving gene expression in gene therapy and vaccina- 
tion studies. 

Following synthesis of immediate early genes, the 
early gene products are transcribed. Early gene prod- 
ucts include DNA replication proteins and some 
structural proteins. 

Finally, the late gene products are made approxi- 
mately 24 h after infection, and these proteins are 
chiefly structural proteins that are involved in virion 
assembly and egress. Synthesis of late proteins is high- 
ly dependent on viral DNA replication and can be 
blocked by inhibitors of viral DNA polymerase, such 
as ganciclovir. The lipid bilayer outer envelope con- 
tains the virally encoded glycoproteins, which are the 
major targets of host neutralizing antibody responses. 
These glycoproteins are candidates for human vaccine 
design. The proteinaceous layer between the envelope 
and the inner capsid, the viral tegument, contains pro- 
teins that are major targets of host cell-mediated im- 
mune responses. Of these tegument proteins, the most 
important is the so-called major tegument protein, 
UL83 (phosphoprotein 65 [pp65]). Another clinically 
important protein, the UL97 gene product, is a phos- 
photransferase. Although the function of this protein 
in the viral life cycle is unknown, this protein is clini- 
cally important because a substrate of the kinase is the 
antiviral drug, ganciclovir, which, once phosphorylat- 
ed, becomes an effective anti-CMV drug. 

Immunity to CMV is complex and involves hu- 
moral and cell-mediated responses. Several CMV 
gene products are of particular importance in CMV 
immunity. The outer envelope of the virus, which is 
derived from the host cell nuclear membrane, con- 
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tains multiple virally encoded glycoproteins. Glyco- 
protein B (gB) and glycoprotein H (gH) appear to be 
the major determinants of protective humoral immu- 
nity. Antibodies to these proteins are capable of neu- 
tralizing the virus, and gB and gH are targets of inves- 
tigational CMV subunit vaccines. However, although 
humoral responses are important in control of severe 
disease, they clearly are inadequate in preventing 
transplacental infection, which can occur even in 
women who have anti-CMV antibodies. 

The generation of cytotoxic T cell responses 
against CMV may be a more important host immune 
response in the control of infection. In general, these 
cytotoxic T cells involve major histocompatibility 
complex (MHC) class I restricted CD8+ responses. 
Although many viral gene products are important in 
generating these responses, most CMV- specific cyto- 
toxic T cells target pp65, an abundant phosphoprotein 
in the viral tegument, the product of the CMV UL83 
gene. 

Recent investigations into the molecular biology of 
CMV have revealed the presence of many viral gene 
products which appear to modulate host inflammato- 
ry and immune responses. Several CMV genes inter- 
fere with normal antigen processing and generation 
of cell-mediated immune responses. To date, three vi- 
ral gene products have been identified that inhibit 
MHC class I antigen presentation. One is the US11 
gene product, which exports the class I heavy chain 
from the endoplasmic reticulum to the cytosol, thus 
rendering it nonfunctional. Another is the US3 gene 
product, which retains MHC molecules in the endo- 
plasmic reticulum, preventing them from traveling to 
the plasma membrane. Finally, the US6 protein in- 
hibits peptide translocation by transporters associat- 
ed with antigen processing. Other viral gene prod- 
ucts, encoded by the UL33, US27, and US28 genes, are 
functional homologues of cellular G-protein-coupled 
receptors. They may, via molecular mimicry, subvert 
normal inflammatory responses, and in the process 
promote tissue dissemination of virus and interfere 
with host immune response. The CMV genome also 
encodes a homologue of the cellular MHC class I 
gene, which appears to contribute to the ability of 
CMV to evade host defense. The UL144 gene encodes 
a structural homologue of the tumor necrosis factor 
receptor superfamily, which may contribute to the 
ability of CMV to escape immune clearance. 

Little is known about the molecular mechanisms 
responsible for the pathogenesis of tissue damage 
caused by CMV, particularly for congenital CMV in- 
fection. Although the CNS is the major target organ 
for tissue damage in the developing fetus, culturing 
CMV from the CSF of symptomatic congenitally 
infected infants is difficult. Because CMV can infect 
endothelial cells, it has been postulated that a viral 
angiitis may be responsible for perfusion failure of 



developing brain. Others have postulated a direct 
teratogenic effect of CMV on the developing fetus. 
Observation of CMV-induced alternations in the cell 
cycle and CMV-induced damage to chromosomes 
supports this speculation; however, this hypothesis 
has been difficult to verify experimentally. 

It has been hypothesized that the nature and extent 
of the cerebral abnormalities is related to the gesta- 
tional age at the time of the infection. Infection of the 
fetus early in pregnancy would lead to abnormalities 
in migration with cortical dysplasia, whereas infec- 
tions late in pregnancy would lead to white matter ab- 
normalities only. This hypothesis is probably general- 
ly correct. However, we have seen patients in whom 
a primary CMV infection was documented in the 
mother shortly before conception, and in whom only 
a mild encephalopathy with multifocal white matter 
lesions without gyral abnormalities was found. It is, of 
course, possible that the transplacental transfer of the 
virus occurred late in pregnancy. 



85.4 Therapy 

Four antiviral chemotherapeutic agents - ganciclovir, 
foscarnet, cidofovir, and formivirsen - are licensed 
specifically for treatment of serious, life-threatening 
or sight-threatening CMV in immunocompromised 
patients. Currently a randomized, controlled multi- 
center clinical trial evaluating the use of ganciclovir 
for the treatment of infants with symptomatic con- 
genital CMV infection and evidence of CNS involve- 



Fig. 85.1 . Boy with congenital CMV infection (diagnosis con- 
firmed by a positive PCR for CMV DNA on the Guthrie card), 
who presented in the course of the first year of life because of 
serious developmental delay, spasticity, and microcephaly. A 
CT scan was performed at 9 months of age {first row) and 
showed many small calcifications, especially at the cortico- 
subcortical junction. Some small calcium deposits are seen in 
the basal ganglia and deep white matter. In addition, the CT 
suggests a diffuse cortical dysplasia. MRI was performed at the 
age of 16 months. The T 2 -weighted images {second and third 
rows) reveal extensive cortical dysplasia, most seriously affect- 
ing the lateral sides of the brain.The cortex is too thick, the out- 
side folding is too coarse, whereas the inner border of the cor- 
tex is irregular, compatible with polymicrogyric pachygyria. In 
addition, the images show ventriculomegaly, dilated inferior 
horns, and multifocal white matter abnormalities, the largest 
lesions being present in the deep parietal white matter. The 
^-weighted images {fourth row) confirm the cortical dysplasia 
{left), the dilated inferior horn {middle), and tiny high-signal- 
intensity spots in the white matter {right), probably related to 
calcium deposits 
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Fig. 85.1. 
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ment is in progress. It is unknown whether this early 
and intensive administration of ganciclovir will has- 
ten resolution of acute disease, beneficially influence 
growth and development, decrease auditory and visu- 
al impairments, or improve intellectual outcome in 
these infants. There is evidence that with ganciclovir 
treatment the incidence of delayed hearing loss is 
lower. However, because of the potential bone marrow 
suppression, the possibility of as yet unforeseen long- 
term effects, and the as yet unproven benefit on long- 
term neuro developmental outcome, it is recommend- 
ed that ganciclovir should not be routinely used to 
treat infants with congenital CMV disease until the 
results of ongoing clinical trials establish its safety 
and efficacy. Anecdotal evidence suggests that criti- 
cally ill newborns, especially those who are premature 
and have CMV pneumonia, may benefit from ganci- 
clovir treatment. Because of the side effects of thera- 
py with currently available antiviral agents, treatment 
of newborns with an asymptomatic congenital CMV 
infection is presently not advocated, even though 
these infants are particularly at some risk for devel- 
oping hearing loss. 

The antiviral drugs that are now in use for the 
treatment of CMV either directly or indirectly inhibit 
viral polymerase or are able to reduce viral prolifera- 
tion in patients with signs of CMV disease. These 
drugs, however, do not clear the virus completely and 
have serious side effects. Strains of CMV with re- 
duced susceptibility to these antiviral drugs have 
been reported. There are, fortunately, newer therapies 
on their way, based upon better knowledge of the 
physiology and life cycle of the virus. Attempts are 
being made to improve the efficacy of orally taken 
drugs. Research is also going on in purine and pyrim- 
idine nucleoside analogues, as well as in nonnucleo- 
side CMV inhibitors and CMV protease inhibitors. 
The ultimate goal is the development of a vaccine that 
prevents congenital CMV disease. 



85.5 Magnetic Resonance Imaging 

Most published neuroimaging reports concern CT 
scans obtained during the follow-up of patients with 
a neonatal symptomatic congenital CMV infection. 
Frequent findings are intracranial calcifications (33- 
54%), unilateral or bilateral ventriculomegaly (10- 
37%), white matter abnormalities (0-22%), neuronal 
migration abnormalities with cortical dysplasia 
(0-10%), and an extensive, destructive encephalo- 
pathy (5-13%). Occasionally, subdural effusions or 
hemorrhage are seen. In 20-30% of the children no 
abnormalities are found. 

In patients with a neonatal confirmed but asymp- 
tomatic congenital CMV infection, CT scans show 
milder abnormalities, and shows them less frequent- 



ly. White matter abnormalities are reported in 14% of 
the children, whereas no abnormalities were demon- 
strated in 86 % of the children. Few children have cal- 
cifications or mild ventriculomegaly (Fig. 85.1). 

Characteristically the calcifications in congenital 
CMV are distributed in a linear, periventricular pat- 
tern ranging from tiny, punctate lesions to large de- 
posits of calcium that appear to line the entire ven- 
tricular system. Calcifications also may involve the 
cortical and subcortical regions or involve the basal 
ganglia (Fig. 85.1). Infants with intracranial calcifica- 
tions are more likely to display cognitive and audio - 
logical deficits later in life than those infants who do 
not have detectable abnormalities. 

With respect to MRI, conventional MR sequences, 
including T r and T 2 -weighted images, are useful to 
show morphological and structural details. Gradient 
echo sequences should be added to better show calci- 
fications. Either an inversion recovery technique or a 
T r weighted 3D gradient echo sequence can help to 
assess the presence and extent of the cortical gyral 
abnormalities. 

Studies reporting MRI findings in patients with 
neonatal symptomatic congenital CMV infection are 
restricted to small numbers. The findings include di- 
lated ventricles, enlarged subarachnoid spaces, cere- 
bral gyral abnormalities, cerebellar hypoplasia, cere- 
bellar cortical dysplasia, delayed myelination, and 
white matter lesions. The ventricular dilatation may 
be extreme with serious thinning of the cerebral 
mantle. In the early stages, subependymal germi- 
nolytic cysts and intraparenchymal, intraventricular, 
and subdural hemorrhages may be present. 

In patients with proven but neonatally asympto- 
matic congenital CMV, white matter abnormalities 
are frequently observed. The occurrence of anterior 
temporal cysts, often in combination with dilated in- 
ferior horns has been described repeatedly. 

The gyral abnormalities in congenital CMV main- 
ly involve the lateral aspects of the cerebrum (Figs. 
85.1 and 85.2), although they may also be diffuse 
(Fig. 85.3). In patients with diffuse gyral abnormali- 
ties, the cortex may be thin and almost agyric. In ad- 
dition, the lateral ventricles are often dilated in these 
patients. If the abnormalities are more limited, they 
most often consist of polymicrogyria (polymicro- 
gyric pachygyria). The cortex is slightly thickened 
and folded in abnormally broad and shallow gyri 
(Figs. 85.1 and 85.2). The inner border of the cortex is 
irregular, indicative of underlying polymicrogyria. 
The gyral abnormalities may be unilateral or asym- 
metrical (Figs. 85.4 and 85.5). They may also present 
in the form of schizencephaly. 

The pattern of white matter abnormalities ob- 
served in congenital CMV infection is distinct. Most 
often, the white matter abnormalities consist of mul- 
tifocal lesions with the largest lesions in the parietal 



85.5 Magnetic Resonance Imaging 651 




Fig. 85.2. Images of a 3-year-old girl with congenital CMV (di- 
agnosis confirmed by a positive PCR for CMV DNA on the 
Guthrie card). The T 2 -weighted images {first and second rows) 
show polymicrogyric pachygyria, more severe on the right 
than on the left, and dilated ventricles, larger on the right side. 



The inferior horns of the lateral ventricles are dilated. Along 
the border of the left ventricle, in the parietal region, white 
matter lesions are seen. The FLAIR images {third row) show the 
white matter lesions more clearly 



area and with predominant involvement of deep 
white matter, relatively sparing the immediately 
periventricular and subcortical white matter (Figs. 
85.6-85.8). Numerous small additional lesions are 
usually seen in the frontal white matter (Figs. 85.6 and 
85.8). The white matter abnormalities are as a rule bi- 



lateral but not always symmetrical. In patients with 
gyral abnormalities, both diffuse (Fig. 85.3) and mul- 
tifocal (Figs. 85.1,85.2,85.4 and 85.5) white matter ab- 
normalities may occur. The white matter abnormali- 
ties may be limited in extent (Figs. 85.2 and 85.4), but 
may also be extensive (Figs. 85.3 and 85.5). In partic- 
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Fig. 85.3. A 1 1 -month-old boy with CMV (diagnosis con- 
firmed by a positive PCR for CMV DNA on the Guthrie card). 
The T 2 -weighted images show polymicrogyria of both hemi- 
spheres, but also of the cerebellar cortex. Only the posterior 
part of the brain has better gyral development. There is a rim 



of low signal intensity around the ventricles, probably a rim of 
ectopic neurons.The lateral ventricles are dilated.The inferior 
horns are markedly dilated and the hippocampus has an ab- 
normal shape. Note the diffusely abnormal cerebral white 
matter 



ular when the abnormalities are extensive, they are 
often mistaken for a genetic leuko encephalopathy 
and extensive laboratory tests are performed in that 
direction. 

In addition, anterior temporal abnormalities, in- 
cluding abnormal and swollen white matter, subcorti- 
cal cysts, and focal enlargement of the anterior part of 
the inferior horn, either alone or more often in com- 
bination, have been demonstrated to be particularly 
suggestive of congenital CMV (Figs. 85.1-85.8). The 
enlarged inferior horns are related to an abnormal 
configuration of the hippocampi, which have a verti- 
cal orientation instead of the normal horizontal ori- 
entation, and are abnormally small (Fig. 85.7). 

The MRI pattern suggestive of congenital CMV 
does not resemble the pattern of any of the known 
leukoencephalopathies with the exception of some of 
the congenital muscular dystrophies. A combination 
of cortical dysgyria and diffuse or multifocal white 
matter abnormalities is also seen in Walker- Warburg 



syndrome, muscle-eye-brain disease, and the Fuku- 
yama type of congenital muscular dystrophy. Howev- 
er, in addition to muscle weakness, patients with these 
latter conditions have other MRI abnormalities, such 
as pontine hypoplasia and subcortical cerebellar 
cysts. None of these are seen in congenital CMV. A 
combination of multifocal white matter abnormali- 
ties and anterior temporal cysts has been reported 
previously in a few children with a clinically static en- 
cephalopathy (Olivier et al. 1998). It has been suggest- 
ed that this might be a novel, genetically determined 
leuko encephalopathy. Considering our findings, con- 
genital CMV should also be considered. 

A CT scan showing calcification could raise the 
suspicion of congenital toxoplasmosis. In contrast to 
congenital CMV, the intracranial calcifications ob- 
served in congenital toxoplasmosis are usually scat- 
tered diffusely throughout the brain and not in the 
classic periventricular distribution of CMV, which 
may be an important clue. 
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Fig. 85.4. A 6-year-old boy with con- 
genital CMV infection, diagnosed at 
birth. Note the unilateral left-sided 
gyral abnormalities.The abnormalities 
in the deep parietal white matter are 
most pronounced on the right.The 
inferior horn is dilated on the left 





Fig. 85.5. 
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Fig. 85.5. {continued). A 17-month-old boy with congenital 
CMV (diagnosis confirmed by a positive PCR for CMV DNA on 
the Guthrie card). The T 2 -weighted images {first and second 
rows) depict extensive, partly confluent, partly multifocal 
white matter abnormalities. On the left side of the brain, corti- 
cal dysplasia is present, best visible on the higher sections.The 
inferior horns of the lateral ventricles are dilated and the ante- 
rior temporal white matter is abnormal and swollen. The 



^-weighted axial image {third row, left) shows the left-sided 
gyral abnormalities. The sagittal T r weighted images {third 
row, middle and right) demonstrate the presence of multiple 
intraparenchymal and intraventricular cysts. Note the cysts in 
the anterior temporal white matter and the enlarged inferior 
horn. Courtesy of Dr. A. Clarke, Department of Pediatric Neurol- 
ogy, St. George's Hospital, London, UK 



Fig. 85.6. The boy presented with neonatal signs of a congen- 
ital CMV infection and was diagnosed in the neonatal period. 
The first MRI was obtained at the age of 1 month {first and sec- 
ond rows). The T 2 -weighted images show that the cerebral 
white matter has an abnormally high signal intensity and is 
slightly swollen. The abnormalities are most pronounced in 
the posterior region. It is difficult to identify lesions within 
the high signal intensity of unmyelinated white matter. The 
sagittal ^-weighted images {first row, left and middle) show 
swelling of the anterior temporal white matter, a small cyst in 
the inferior horn,and a subependymal cyst in the thalamocau- 
date notch. The follow-up MRI was obtained at the age of 
1 .5 years {third and fourth ro ws).TheT 2 -weighted images show 
the typical multifocal white matter abnormalities with the 
largest lesions in the deep parietal white matter. Note the 
signal abnormality in the anterior temporal white matter. 



85.5 Magnetic Resonance Imaging 655 




Fig. 85.6. 
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Fig. 85.7. 
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Fig. 85.8. A 1 .5-year-old boy, diagnosed with congenital CMV 
in the neonatal period. Note the multifocal white matter ab- 
normalities with the largest lesions in the deep parietal white 
matter. The inferior horn is dilated and the anterior temporal 



white matter is highly abnormal in signal and has a somewhat 
swollen appearance. The FLAIR images {third row, middle and 
right) suggest that the anterior temporal white matter is 
almost cystic 



Fig. 85.7. A baby girl presented soon after birth with an en- 
cephalopathy. She was diagnosed with a congenital CMV in- 
fection on the basis of a positive PCR for CMV DNA on the 
Guthrie card. The first MRI was obtained at 6 weeks {first row), 
which showed diffusely mildly abnormal cerebral white mat- 
ter but no well-delineated lesions. There are subependymal 
cysts in the left thalamocaudate notch and in the left inferior 
horn. The hippocampus has an abnormal shape. Follow-up 
MRI at the age of 4 months {second row) shows that the pari- 
etal white matter is now evidently more abnormal than the re- 



mainder of the cerebral white matter.The subependymal cysts 
have disappeared. MRI obtained at the age of 2.5 years {third 
and fourth rows) shows that the cerebral white matter looks 
much better myelinated.There are some remaining multifocal 
white matter abnormalities, most prominent in the deep pari- 
etal region. The inferior horns are highly dilated. The coronal 
FLAIR image {fourth row, middle) shows the abnormal shape of 
the hippocampus.The sagittal T r weighted image {fourth row, 
right) shows a cystic lesion anterior to the highly dilated inferi- 
or horn. 



Chapter 86 

Whipple Disease 



86.1 Clinical Features 

and Laboratory Investigations 

Whipple disease is a multisystem granulomatous dis- 
order. There is a maleifemale ratio of 6:1. The peak age 
of occurrence is between 50 and 55 years, but Whip- 
ple disease may also occur in childhood and in senes- 
cence. Many organs may be involved, but predomi- 
nantly the gastrointestinal tract is affected. Migratory, 
nonerosive arthritis of the large joints may precede 
the intestinal symptoms by 2-10 years. The chief 
complaints of patients with systemic Whipple disease 
are diarrhea, weight loss, fever, arthritis, and abdom- 
inal swelling. Hypothalamic-pituitary involvement is 
common in patients with systemic Whipple disease 
and may lead to symptoms such as asomnia or hyper- 
somnia, hyperphagia, polydipsia and weight gain. 
Physical findings in the multiorgan form of the dis- 
ease may include lymphadenopathy, hypotension, 
hyper pigmentation, hepatomegaly, splenomegaly, as- 
cites, edema, cardiac murmur, pericarditis, pneumo- 
nia, and occasionally ophthalmoplegia. 

The CNS is involved in conjunction with other or- 
gans in 10-40% of patients. CNS complaints may in- 
clude headache, diplopia, depression, personality 
changes, and cognitive decline. In a few patients the 
CNS is the sole site of infection, without any sign of 
involvement of other organs. The neurological symp- 
toms in these cases are protean and include slowly 
progressive dementia, headache, hypothalamic dys- 
function, meningitis, seizures, supranuclear ophthal- 
moplegia, myoclonus, ataxia, nystagmus, uveitis, pa- 
pilledema, hemiparesis, peripheral neuropathy, and 
myopathy. A movement disorder referred to as oculo- 
masticatory myorhythmia, characterized by rhyth- 
mic opening and closure of the mouth by action of the 
masticatory muscles, in combination with a slow 
(1-Hz) convergent-divergent pendular nystagmus, is 
considered virtually pathognomonic of Whipple dis- 
ease of the CNS. The triad of progressive dementia, 
myoclonus, and external ophthalmoplegia is also 
highly suggestive of the disease. 

Laboratory findings in systemic Whipple disease 
include elevated erythrocyte sedimentation rate, ele- 
vated liver enzymes, low serum potassium and calci- 
um, low serum protein and albumen, anemia, low 



serum iron, low serum carotene, proteinuria, hema- 
turia, and steatorrhea. In Whipple disease with CNS 
involvement, CSF oligo clonal banding and an in- 
creased IgG level have been reported. In the initial 
phase an inflammatory reaction with CSF pleocytosis 
and elevated protein are usually seen. Increased IgA 
intrathecal synthesis, continuing even under therapy, 
has also been reported, probably indicating a still 
active infection. 

The diagnosis is confirmed by either PCR of the 
CSF or light and electron microscopy of a biopsy of 
the jejunum, a retroperitoneal lymph node, or of 
affected brain tissue, demonstrating the presence of 
the bacillus Tropheryma whippelii. 



86.2 Pathology 

The gross pathological features of Whipple disease 
include generalized cerebral atrophy and small 
chalky nodules or granulomas up to 2 mm in diame- 
ter, scattered diffusely over the cerebral and cerebel- 
lar cortex and the subcortical white matter. The 
changes are focal, so that one area of the brain may be 
normal whereas an adjacent area may show florid ab- 
normalities. Microscopically the granulomas contain 
strongly PAS -positive -staining macrophages, sur- 
rounded by large reactive astrocytes. With more 
widespread disease, PAS-positive cells infiltrate the 
white matter and may also extend into the subarach- 
noid spaces and be associated with death of neurons, 
formation of vacuoles, and demyelination. Bacilli and 
debris of bacilli maybe found in the PAS-positive ma- 
terial. Microinfarctions have been reported and are 
probably caused by microthrombi related to vegeta- 
tions on the heart valves, as found in a substantial 
number of patients at necropsy. 

Epon-embedded toluidine-blue-stained semithin 
sections prepared for electron microscopy demon- 
strate gliotic gray matter with perivascular accumula- 
tion of macrophages containing multiple intracyto- 
plasmic osmiophilic dark granules. Ultrastructurally 
these dark granules consist of lipofuscin and unique 
membrane-bound inclusions containing numerous 
membranous profiles. Transitional forms from these 
unique inclusions to lipofuscin are also observed. 
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Fig. 86.1. Lesions in the hypothalamus often occur in Whip- 
ple disease and are demonstrated here in "^-weighted, con- 
trast-enhanced images in three planes in a 44-year-old man 



with hypopituitarism. Similar lesions may be seen in Langer- 
hanscell histiocytosis, neurosarcoidosis, brucellosis, and hypo- 
thalamic tumors. From Brandle et al. (1 999), with permission 



86.3 Pathogenetic Considerations 

Whipple disease is caused by a bacillus with unique 
characteristics. With electron microscopy it has been 
consistently recognized in affected tissue, either free 
or degraded to varying degrees within macrophages. 
It is a weakly gram-positive rod-shaped bacillus 
which is not acid-fast. It is 1-2 um in length and has a 
thick wall, the inner layer of which stains with PAS 
dyes. Its presence accounts for the brightly staining 
PAS-positive macrophages which are seen in biopsy 
material and contain bacillary debris. Culturing of the 
bacillus has proven to be difficult. 

Molecular genetic techniques led to the identifica- 
tion of a 1321 -base 16S rRNA gene sequence in tissue 
derived from small bowel biopsy of patients assumed 
to have Whipple disease. Using PCR, positive reac- 
tions have been obtained from other tissues, includ- 
ing heart, vitreous fluid, peripheral blood cells, and 
pleural effusions. It has been difficult to identify se- 
quences from brain tissue; recently, however, a high 
yield has been obtained with PCR of the CSR The 
bacillus was eventually characterized by 16S rRNA 
gene analysis to be a member of the actinomycetes. 
The bacillus has been given the name Tropheryma 
whippelii. It is still unclear whether all forms of Whip- 
ple disease are caused by this bacillus. 

The occurrence in nature of this bacillus is still un- 
clear. This is also the case with the transmission of the 
disease to humans and the pathophysiology once the 
infection is established. Humans are the only host for 
the disease. There is no evidence for human-to-hu- 
man transmission and the disease does not occur in 
clusters. Because the main site of the disease is in 
the gastrointestinal tract, it has been assumed that 
infection follows ingestion, subsequently spreading 
hematogenously or via lymphatic channels. It is also 



unclear how the infection breaches the blood-brain 
barrier. During active disease bacilli are found in 
macrophages and free in the affected area. 



86.4 Therapy 

Therapy consists of a combination of antibiotics, 
including penicillin, streptomycin, tetracycline, and 
trimethoprim-sulfamethoxazole. Treatment is con- 
tinued for 1-2 years and relapses may occur even 
after many years. 



86.5 Magnetic Resonance Imaging 

As variable as the protean neurological manifesta- 
tions of Whipple disease are the findings with MRI. 
Lesions may involve gray and white matter without a 
distinct pattern. To illustrate this we cite a number of 
findings in patients with confirmed Whipple disease: 

• Lesions in the mammillary bodies and hypothala- 
mus (Figs. 86.1 and 86.2) 

• Lesions in the hippocampal gyrus, uncus, and me- 
dial or mediobasal temporal lobes (Fig. 86.2) 

• Lesions in the hypothalamus, thalamus, and basal 
ganglia 

• Lesions in the optic chiasm and tracts (Fig. 86.2) 

• Diffuse cerebral atrophy and ventriculomegaly 

• Lesions in the brain stem (Fig. 86.2) 

• Spinal involvement (Fig. 86.3) 

• Multiple lesions throughout white and gray mat- 
ter, varying in size (Fig. 86.4) 

A constant feature is enhancement after contrast. The 
enhancing lesions are very similar to those seen in 
other inflammatory and infectious disorders. From 
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Fig. 86.2. 
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Fig. 86.3. The patient shown in Fig. 86.2 also has a lesion in 
the spinal cord {arrows). From Kremeretal. (2001), with permis- 
sion and courtesy of Dr. S.Grand, Magnetic Resonance Imaging 



Unit,CentreHospitalieretUniversitairedeGrenoble,Grenoble, 
France 



Fig. 86.2. A 68-year-old man with Whipple disease. The axial 
FLAIR {first and second rows) and T 2 -weighted images {third 
row) show a periventricular hyperintense rim and small focal 
lesions in the deep white matter.The lower slices show lesions 
in the posterior limb of the internal capsule, hypothalamus, 
thalamus, the mediobasal parts of the temporal lobes, the an- 
terior commissure, mammillary bodies, optic chiasm, mesen- 
cephalon,pons,middle cerebellar peduncles,andmedulla.The 
coronal images {fourth row), FLAIR {left) and T r weighted after 
contrast injection {middle and right), show enhancement of 
the involved structures in the hypothalamus and mediobasal 
temporal area, with an asymmetrical distribution. From Kre- 
mer et al. (2001 ), with permission and courtesy of Dr. S. Grand, 
Magnetic Resonance Imaging Unit, Centre Hospitalier et Uni- 
versitaire de Grenoble, Grenoble, France 



the description of these lesions there seems to be 
some preference for the hypothalamus and medial 
temporal lobe. A clear message from these findings is 
that contrast must be given in patients with an unusu- 
al pattern of lesions and an unexplained neurological 
disorder. 

The differential diagnosis of multiple enhancing 
lesions of variable size involving both gray and white 
matter is from multiple metastases, infectious and in- 
flammatory disorders, including multiple sclerosis, 
acute disseminated encephalomyelitis, systemic lupus 
erythematosus, and Behcet disease. In patients with 
predominant lesions in the hypothalamus and 
suprasellar region, the differentiation is from Langer- 
hans cell histiocytosis, sarcoidosis, brucellosis, lym- 
phoma, and other tumorous processes. 
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Fig. 86.4. 
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Fig. 86.4. {continued). A 4-year-old boy with Whipple disease. isolated, of different sizes, involving both white and gray mat- 
T 2 -weighted images are in the leftcolumnJi -weighted images ter, randomly spread over the brain in an asymmetrical fash- 
are at the same level in the middle column, and T^weighted ion. Note that only few lesions enhance and that the enhance- 
images with contrast in the right column. The images give an ment is partial. Some show a vague ring-like enhancement, 
overview of the lesions. The multifocal lesions are rounded, From Duprezetal. (1996), with permission 



Chapter 87 

Toxic Encephalopathies 



There is growing awareness that chronic intoxications 
by industrial, agricultural, iatrogenic, and environ- 
mental pollution may have teratogenic or oncogenic 
effects or may cause neurological or psychiatric syn- 
dromes. A toxic encephalopathy (TE) is the result of 
the interaction between a chemical compound and 
the brain. Disturbance of normal brain function may 
be caused by multiple factors, such as depletion of ox- 
idative energy, mitochondrial dysfunction, interfer- 
ence with biochemical pathways, alteration of mem- 
brane function and stability, enzymatic dysfunction, 
derangement of neurotransmission, and altered ion 
balance. It has often taken some time before the true 
cause of the encephalopathy was recognized, reflect- 
ing the difficulty in recognizing that slow deteriora- 
tion of neurological functions may indicate poison- 
ing by a toxin. In many cases, religious, superstitious, 
or racial "explanations" have been believed for a long 
time. The list of examples of TEs is long. Well-known 
examples include: 

1941 Spastic paraparesis, caused by Lathy rus 
sativus peas; the toxic agent was identified as 
P-AT-methylamino-L- alanine (BMAA) 
1953 Guamanian type of parkinsonism, caused by 
the seeds of Cycas circinalis; the toxic agent 
was originally identified as p-JV-oxalylmethy- 
lamino-L-alanine (BOMAA); later this theory 
was withdrawn, because blood concentrations 
were too low to explain the disease 
1948 Hexachlorophene encephalopathy, especially 

in neonates 
1950 Encephalopathy caused by monosodium glu- 

tamate in baby food 
1953 Minamata disease (mercury encephalopathy) 
1960 House painter's dementia, caused by organic 

solvents and carbon disulfide 
1983 Methylphenyltetrahydropyridine (MPTP), "syn- 
thetic heroin", causing striatal dopamine defi- 
ciency and parkinsonism 

In the past few decades drug-related encephalo- 
pathies due to heroin, cocaine, or ecstasy, and iatro- 
genic intoxications due to more aggressive therapies 
against cancer and graft-versus-host disease, have be- 
come more prominent and widespread. 

TE presents with one or more of the following 
neurological or psychiatric symptoms (Bonhoeffer 
types): decreased concentration and consciousness; 
excitability and convulsions; motor and sensory 



disturbances; extrapyramidal movement abnormali- 
ties; disturbance of specific senses; disturbance of 
coordination; and behavioral and psychological 
changes. 

In many forms of TE, clinical manifestations are 
acute and severe, requiring immediate treatment. 
Imaging of the brain is then only of secondary inter- 
est, although in unsuspected cases MRI may play a 
leading role in diagnosis. The role of imaging is as a 
rule more important in cases of subacute or chronic 
TE with slowly progressive neurological damage. In 
such cases, MRI may demonstrate striking abnormal- 
ities and can be of importance for further diagnosis 
and therapy monitoring. However, even in cases with 
histologically proven cerebral damage, MRI is not 
always positive. For example, tardive dyskinesia is a 
severe movement disorder due to the chronic use of 
neuroleptic drugs. Histology shows a decrease in the 
number of ganglion cells in the substantia nigra. MRI 
shows no abnormalities. In other cases, too, when the 
encephalopathy is the result of interference with neu- 
rotransmitters, for example in the malignant neu- 
roleptic syndrome, MRI fails to show abnormalities. 

Knowledge of the biomechanisms whereby toxins 
of endogenous or exogenous origin cause encephalo- 
pathy helps us to understand the patterns of lesions 
seen in imaging studies. MRI abnormalities are, as a 
rule, symmetrical as toxins have no left/right prefer- 
ence. Characteristic MRI patterns showing involve- 
ment of particular brain structures are the result of 
differences in regional vulnerability of brain tissue to 
environmental perturbations and to biochemical 
changes. Here the concept of selective vulnerability 
comes in (see also Chap. 3). 

As a general rule, specific groups of toxins tend to 
affect specific brain structures more than others. That 
is, certain regions and systems within the brain have 
greater affinity for and greater sensitivity to specific 
types of toxins. These regions of identical affinity and 
vulnerability were recognized by German neu- 
ropathologists in the first part of the twentieth centu- 
ry, who designated them the topistische Bezirke or 
topistic areas. Topistic areas often involve more than 
one structure; they often encompass a whole func- 
tional chain of neurons and tracts. 

The principle of functionally related systems is well 
established in neurology. Topistic areas related to 
functional systems can be readily identified during 
normal physiological development of the brain and 
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Fig. 87.1. T 2 -weighted series of transverse images in a 63- 
year-old man with carbon monoxide intoxication. The globus 
pallidus shows high signal intensity, whereas the other brain 



structures are initially spared. In the subsequent days a de- 
layed leukoencephalopathy may follow 



in systemic degenerative disorders. As early as 1920, 
Flechsig recognized that functionally related systems 
myelinate at the same time. Similarly, functionally re- 
lated and interdependent nuclei appear to degenerate 
at the same time in multiple system atrophy and pro- 
gressive supranuclear palsy. 

Other mechanisms of selective vulnerability in TE 
are related to the similarity in particular physico- 
chemical characteristics that make different geo- 
graphic areas equally vulnerable to a particular nox- 
ious agent. Apparently diverse areas may prove to 
have similar oxygen requirements, chemical compo- 
sition, and/or neurotransmitter dependency and den- 
sity. 

Gray matter structures have higher cellular activi- 
ty and a higher oxygen requirement than white mat- 
ter structures and, therefore, are more vulnerable to 
oxygen deprivation. The damage that results from 
oxygen deprivation is actually mediated by toxic 
products, such as excitatory amino acids and free rad- 
icals inducing irreversible neuronal damage and 
death. The selective vulnerability of gray matter 



structures to energy depletion is also reflected in the 
preferential affliction of gray matter structures in car- 
bon monoxide intoxication, affecting especially the 
globus pallidus (Fig. 87.1), and Leigh disease, where 
the putamen, caudate nucleus, globus pallidus, peri- 
aqueductal gray matter, tectum and tegmentum of the 
midbrain, and dentate nuclei may be involved. Wer- 
nicke encephalopathy, a toxic encephalopathy caused 
by thiamine deficiency in alcoholics, shows a similar- 
ity in pattern of involvement to Leigh disease, pre- 
sumably because thiamine deficiency also influences 
energy metabolism. A difference is that in Wernicke 
encephalopathy the mammillary bodies are nearly 
always involved and putamen and caudate nucleus 
are nearly always preserved (Fig. 87.2). The reason for 
this difference is unknown. 

An example of selective vulnerability resulting 
from specific chemical composition is found in 
myelin. Myelin has high lipid content and a slow 
turnover. As a result, all the myelinated tracts are par- 
ticularly vulnerable to the accumulation of lipophilic 
substances and to lipid peroxidation. Lipophilic sub- 
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Fig. 87.2. In the acute phase of 
Wernicke encephalopathy the 
mammillary bodies are nearly always 
involved. The axial proton density 
image shows the lesions. On the coro- 
nal T r weighted contrast-enhanced 
image the mammillary bodies show 
uptake of contrast 




Fig. 87.3. T r weighted images of a 
18-year-old girl with severe behavioral 
disturbances after having taken a love 
potion containing ecstasy. Cyst- 1 ike 
lesions are seen in the globus pallidus 
and the posterior parts of the puta- 
men on both sides 



stances easily cross the blood-brain barrier. One in- 
stance of such intoxication has become notorious in 
medical literature: hexachlorophene encephalopathy, 
a vacuolating myelinopathy, which was found in in- 
fants who were washed with antiseptic hexachloro- 
phene solutions for dermal problems. The skin of 
preterm neonates proved to be more permeable to 
these agents than the more mature skin, resulting in 
increased absorption and toxicity. In adults, vacuolat- 
ing myelinopathy has been described after the use of 
hexachlorophene solutions in vaginal tampons and as 
an antiseptic agent on burned areas. Intoxication with 
triethyltin has identical effects. 

Topistic areas related to the distribution of a partic- 
ular neurotransmitter are best visualized by positron 
emission tomography (PET). PET, for example, shows 
the distribution of 18 fluorodopa in the basal ganglia. 
Methylphenyltetrahydropyridine (MPTP) interferes 
selectively with the dopamine neurotransmitters and 
leads to severe parkinsonism. Tardive dyskinesia and 
malignant neuroleptic syndrome are other examples 
of TEs with involvement of topistic areas related to 
specific neurotransmitters. In this kind of involve- 
ment of a neurotransmitter system, imaging modali- 



ties do not usually show abnormalities. However, in 
some cases MRI successfully depicts the topistic 
areas, as shown in a case of ecstasy intoxication 
(Fig. 87.3). 

Selective vulnerability is also related to the level of 
activity during development. This concept was partic- 
ularly stressed by Dobbing (1968) and has broadened 
the insight into the origin of congenital malforma- 
tions of the CNS. The greatest impact of noxious 
agents is on those structures that grow and develop at 
the highest rate at the time of insult. Thus, migra- 
tional disorders result when toxic insults occur in the 
third to fifth month of gestation, the period in which 
neuronal migration occurs. Similarly, disorders of 
myelination are observed when toxic insults occur 
during the last trimester of pregnancy and the first 
year of life, because myelination of the CNS occurs at 
a high rate in these periods. Since normal myelination 
depends upon complex interactions between axons, 
myelin-forming oligodendrocytes, and the provision 
of substrates by the environment, the delicate interac- 
tive process is easily disturbed by adverse factors such 
as nutritional deficiencies, inborn errors of metabo- 
lism, and intoxications. 
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Toxic Encephalopathies 




Exogenous 




Endogenous 

Inborn errors of metabolism: 
Globoid cell leukodystrophy 
Glutaric aciduria type I 
Methylmalonic acidemia 
Canavan disease 



External 

Classification 
Sources 
Industrial 
Agricultural 
Pharmacological (drugs) 

Effects 

Oncogens 

Teratogens 

(Para)sympathicomimetics 

(Para)sympathicolytics 



Chemical composition 

Lipophilic substances (organic solvents) 

Heavy metals 

Ethanol 

Fig. 87.4. Classification of toxic encephalopathies 



Internal 

Parainfectious agents 

Paraneoplastic agents 

Hepatocerebral syndromes 

Endotoxins 

Ion balance disorders 

Uremia 



In this respect, it should be mentioned that age can 
be a prominent pathoplastic factor in TE. Many fetal 
intoxications, such as those caused by maternal use of 
antiepileptic or antidepressive drugs, maternal alco- 
hol abuse, and maternal drug abuse, lead to serious 
syndromes of which the fetal alcohol syndrome and 
fetal hydantoin syndrome are well-known examples. 
Fetal intoxications may result in cerebral maldevelop- 
ment, cerebral disruptions, and arrest or delay of 
cerebral maturation. The effects of intoxications may 
also be different in different age groups. Lead intoxi- 
cation in adults differs in presentation from that in 
childhood. This is also true of salt intoxication, where 
the progress of myelination is an important factor in 
the distribution of the toxic damage. 

To facilitate the analysis of TEs, we have classified 
them according to origin of the toxins within or out- 
side the blood-brain barrier (endogenous versus ex- 
ogenous). Exogenous TEs are then further subdivid- 
ed depending on whether the toxic substance origi- 
nates inside or outside the body (exogenous-internal 
versus exogenous-external) (Fig. 87.4). This classifi- 



cation is imperfect because it depends, in part, on the 
point of view of the observer. A bacterial endotoxin 
can be classified either as exogenous-external, be- 
cause the infection by gram-negative bacteria stems 
from outside the body, or as exogenous-internal be- 
cause the endotoxin causing the related encephalopa- 
thy is produced by the bacteria within the body. We 
prefer exogenous-internal, because the toxin itself is 
produced within - and in interaction with - the body. 
The largest group of toxins is exogenous-external. 
Toxins within this group are usually categorized by 
chemical composition, source, or effect. Dietary and 
metabolic deficiencies may lead to abnormal bio- 
chemical processes that produce effects comparable 
to intoxications. 

The group of exogenous- external TEs includes all 
intoxications from iatrogenic, agricultural, industrial, 
environmental, and social (drugs, alcohol, nicotine) 
sources that affect the CNS. Belonging to this group 
are intoxications with the Lathyrus sativus peas, or- 
ganic mercury poisoning, organic lead poisoning, 
and toluene exposure, as well as other well-known en- 
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Fig. 87.5. Mercury encephalopathy 
in a 50-year-old man with a 2-year 
course of progressive cerebellar and 
focal cerebral signs following use of 
a mercury-containing compound to 
prevent tulip bulbs from cropping. 
In particular on the gradient echo 
images, which are more sensitive to 
magnetic susceptibility changes, 
the abnormal mineral depositions are 
clearly shown in cerebellar tissue and, 
to a less severe extent, in the occipital 
area 



cephalopathies associated with ethanol abuse, such as 
the Marchiafava-Bignami syndrome, Wernicke en- 
cephalopathy, and Korsakoff syndrome. Iatrogenic 
exogenous-external TEs include all TEs caused by the 
ingestion of prescribed drugs, such as chemothera- 
peutic agents, anticonvulsants, tranquilizers, and 
anesthetic gases, or caused by medical treatment, 
such as progressive aluminum encephalopathy in pa- 
tients undergoing renal dialysis. Some fetal intoxica- 
tion syndromes can also be considered in this catego- 
ry. A few examples are mentioned here. 

Organic Mercury Poisoning. Ingestion of fish caught 
in the poisoned bay of Minamata led to a neurologi- 
cal disorder that was eventually identified as being 
caused by organic mercury. Mercury intoxication has 
also been reported following accidental ingestion of 
wheat that had been treated with organic mercury 
compounds to prevent cropping. Neuropathology 
shows degeneration of the granular layer of the cere- 
bellum and patchy loss of cells in the cerebral cortex, 



in particular the calcarine cortex. MR images show 
the deposition of mercury in cerebellar structures 
and under the occipital cortex (Fig. 87.5). 

Lead Encephalopathy. Children may have a lower 
tolerance to lead than adults. Acute lead intoxication 
is associated with convulsions, delirium, meningism, 
and papilledema. Chronic intoxication is associated 
with dementia, peripheral neuropathy, anemia, and a 
variety of visceral features. Neuropathologically the 
mildest chronic form of lead intoxication is the selec- 
tive, segmental demyelination of peripheral nerves. In 
acute cases there may be demyelination and necrosis 
of central and cerebellar white matter. Neuronal dam- 
age is pronounced. 

Aluminum Dementia. Aluminum has been indicated 
as a toxic factor in dialysis dementia. The excessive 
aluminum was probably derived from the high alu- 
minum concentration in the dialysate and from the 
phosphate binding gels, which contain aluminum. 
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Fig. 87.6. Two men, aged 34 {first row) and 26 years {second 
row), with severe neurological disability after sniffing toxic 
heroin. There are lesions in the parieto-occipital white matter, 
splenium of the corpus callosum,the posterior limb of the in- 



ternal capsule (note the swelling), and the cerebellar white 
matter. In all patients investigated in Amsterdam, an identical 
MRI pattern has been observed 



Wernicke Encephalopathy. Wernicke encephalopa- 
thy results from a deficiency of vitamin B x (thiamine), 
and, as such, is not confined to chronic alcoholics. Be- 
cause vitamin B x is a cofactor of transketolase, thi- 
amine deficiency causes decreased activity of this en- 
zyme. The precise relationship of reduced enzyme ac- 
tivity to damage in the characteristic "topistic area" 
represented by Wernicke encephalopathy is conjec- 
tural. Korsakoff disease is now generally seen as a 
chronic stage of Wernicke encephalopathy, with con- 
sistent atrophy of the mammillary bodies and vari- 
able involvement of the dorsomedial nucleus of the 
thalamus. 

Cytostatic Agents. Cytostatics, such as methotrexate 
and 5-fluorouracil, especially in combination with 
levimasole, can lead to severe changes in the white 
matter when they are used to treat extracranial malig- 
nancies or intracranial tumors (often in combination 
with radiotherapy). These reactions will be dealt with 
in Chap. 88. 



Immunosuppressive Agents. In graft-versus-host 
disease, immunosuppressive agents such as cyclo- 
sporin and tacrolimus are used to prevent the re- 
pelling of transplanted organs. They may cause what 
is usually referred to as posterior reversible en- 
cephalopathy syndrome. This reaction will be dis- 
cussed separately in Chap. 92. 

Heroin Pyrolysite. During the 1980s, it was discov- 
ered that a group of chronic heroin addicts in Amster- 
dam manifested progressive neurological symptoms 
after sniffing heroin ("chasing the dragon"). On neu- 
ropathological examination, a vacuolating myelino- 
pathy was discovered in these cases. MR studies re- 
vealed extensive involvement of the white matter of 
the cerebral hemispheres and the cerebellum and 
clearly depicted the affected tracts from the parietal 
cortex to the brain stem (Fig. 87.6). The toxic sub- 
stance in the heroin has not been identified. One as- 
sumes that it must be a lipophilic substance. Identical 
neurological findings and MRI abnormalities have 
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Fig. 87.7. Series of T 2 -weighted MR images in transverse and 
coronal planes of a 22-year-old male cocaine sniffer. The ab- 
normalities are similar to those found in patients sniffing hero- 
in. The swelling of the white matter suggests that a vacuolat- 



ing myelinopathy also exists in this case.The images beautiful- 
ly demonstrate all involved structures. Courtesy of Dr. J.Tam- 
raz, Department of Magnetic Resonance and Neuroimaging, 
Hotel-Dieu de France, Universite Saint-Joseph, Beirut, Lebanon 



been found among cocaine addicts (Fig. 87.7). Abuse 
of cocaine more often leads to vascular complica- 
tions. 

Organic Solvents. Individuals who have been profes- 
sionally exposed over a long time to the inhalation of 
organic solvents may develop an organic psychologi- 
cal syndrome with loss of concentration, irritability, 
emotional instability, and memory disorders. Al- 
though in most cases no structural abnormality can 
be proven by MRI, in a number of cases changes in the 
white matter, sometimes also the gray matter, varying 
in degree from mild to severe, may be found in indi- 
viduals who have been exposed many years to organ- 
ic solvents or pesticides. In the United States of Amer- 
ica a National Exposure Registry has published data 
on a longitudinal surveillance of populations exposed 
to low concentrations of specific substances in the en- 
vironment. The trichloro ethylene sub registry con- 
tained 4041 individuals, who were divided into four 
subgroups by types of exposure (chemicals), dura- 



tion, and level of exposure. The authors (Burg and 
Gist 1999) compared the reporting rates for 25 health 
outcomes across subgroups. Statistically significant 
increases in reporting rates were seen with, increased 
maximum trichloro ethylene exposure for the out- 
come stroke, increased cumulative chemical exposure 
for respiratory allergies, and duration of exposure for 
hearing impairment. Another registry study among a 
population of demented individuals concluded that 
there was no support for the hypothesis that occupa- 
tional exposure to organic solvents is a cause of de- 
mentia (Palmer et al. 1998). More recently, 74 patients 
were examined who had a long history of exposure to 
carbon disulfide. They were assessed with respect to 
neuropsychological performance and MRI abnor- 
malities (Cho et al. 2002). MRI findings revealed a sig- 
nificantly higher number of lacunae in the high expo- 
sure group than in a group with lower exposure. 
Periventricular hyperintensities were most often lo- 
cated in frontal and occipital areas (Fig. 87.8). Neu- 
ropsychological differences between those groups 
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Fig. 87.8. FLAIR series in a patient with carbon disulfide intox- 
ication. The images show a nearly symmetrical hyperintensity 
of the deep and periventricular white matter and the corpus 
callosum. There are multiple small basal ganglia lesions, some- 



what less symmetrical. The central part of the pons is affected. 
Courtesy of Dr C.C. Huang, Department of Neurology, Chang 
Gung Memorial Hospital and University, Taipei,Taiwan 




Fig. 87.9. A 68-year-old man with progressive memory loss, 
who worked in the paint industry for many years and was pro- 
fessionally exposed to organic solvents. The T 2 -weighted MR 
images show lesions scattered through the centrum semio- 



vale, both isolated and more confluent.The ventricles and sub- 
arachnoid spaces are moderately enlarged, related to cerebral 
atrophy.There are some isolated lesions in the basal ganglia 
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Fig. 87.10. T 2 -weighted series of a 64-year-old female patient 
with progressive subcortical dementia and gait disturbances. 
This patient had been handling insecticides and pesticides for 



over 30 years.There are widespread, focal, in some areas con- 
fluent, signal abnormalities in the white matter of the hemi- 
spheres and middle cerebellar peduncles 



were not significant. In our own experience with MR 
and EEG studies of 50 persons with long-lasting ex- 
posure to organic solvents MR showed only minor 
white matter abnormalities in two persons. Whether 
this was related to the exposure to organic solvents re- 
mained unclear. On the other hand, we have seen two 
patients with severe exposure to organic waste prod- 
ucts and pesticides for more than 30 years who had 
severe white matter abnormalities dispersed over the 
entire brain (Figs. 87.9 and 87.10). 

Toluene is one example of a typical lipophilic sub- 
stance that persists in the myelin for a long time, lead- 
ing to myelin and gray matter damage. Toluene is a 
volatile liquid that is used as an industrial solvent. It 
is inhaled by some individuals as a form of substance 
abuse. Long-term abuse leads to cognitive deteriora- 
tion, cerebellar ataxia, tremor, and anosmia. Chronic 
use of toluene leads to white matter lesions in 46 % of 
the patients, cortical and central atrophy in 26%, and 
thalamic hypointensity in 20% (Aydin et al. 2002). 
The white matter changes in 41 patients were focal in 
53% and diffuse in 47% (Aydin et al. 2002). White 



matter changes started in the deep white matter and 
progressed to the periphery. Other reports state di- 
minished distinction between gray and white matter. 

Another highly lipophilic substance, is fentanyl, a 
synthetic opioid many times stronger than morphine. 
It is used in anesthesia and in intensive care units. We 
observed a patient who had attempted suicide by 
transdermal application of fentanyl. MRI in this 
comatose patient showed extensive white matter ab- 
normalities, with ADC characteristics of increased 
diffusivity (Fig. 87.11). The leuko encephalopathy was 
most prominent in the parieto-occipital region. In 
this respect the pattern resembles the pattern seen in 
posterior reversible encephalopathy syndrome. In 
this case the abnormalities were not transient; the pa- 
tient did not survive. 

Common to disorders caused by exogenous-inter- 
nal toxins is a focal or generalized process in the body 
outside the blood-brain barrier that produces a toxin 
that crosses the blood-brain barrier, enters the brain, 
and gives rise to encephalopathy. Encephalopathies 
related to toxins released by bacteria elsewhere in 
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Fig. 87.11. 
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Fig. 87.1 "\. {continued). A 39-year-old nurse committed sui- 
cide using fentanyl dermal patches. The T 2 -weighted images 
{first and second rows) show predominant involvement of the 
parieto-occipital areas, but also involvement of the basal gan- 
glia (especially the globus pallidus) and the posterior limb of 
the internal capsule. The FLAIR images {third and fourth rows) 
more clearly show that there is also cerebellar involvement. 



The lesions have a high signal on theTrace diffusion-weighted 
images {fifth row, b = 1 000); the ADC values are, however, high 
{sixth row). This MR pattern is comparable to what is seen in 
posterior reversible encephalopathy syndrome. Courtesy of 
Dr. M. Heitbrink and Dr. B. Wiarda, Department of Radiology, 
Medical Center Alkmaar, The Netherlands 



the body, and also paraneoplastic syndromes and 
parainfectious degeneration can be included in this 
category. Tumors may contain antigens that lead to 
the formation of antibodies which cannot distinguish 
between tumor cells and own-body cells, for example 
Purkinje cells. Malignant disease anywhere in the 
body may have a remote effect on the peripheral 
nerves, the spinal cord, and on the brain, causing 
peripheral neuropathy, subacute necrotizing myelo- 
pathy, and encephalomyeloradiculitis. The ence- 
phalomyeloradiculitis group includes two special 
forms: brain stem encephalitis, and so-called limbic 
encephalitis in which the changes are restricted to 
the limbic system (Fig. 87.12). The different mani- 
festations presumably reflect the different antigenic 
content of these brain structures. It is possible that a 
more general toxic effect plays an additional role. 



Parainfectious encephalopathy has been reported 
with Escherichia coli y Mycoplasma pneumoniae, and 
diphtheria infections. The reaction may be toxic, 
allergic, or both. 

Changes in the ion balance are held responsible for 
central pontine and extrapontine myelinolysis. Hy- 
ponatremia is considered to be an important initial 
factor in these disorders, subsequently precipitated 
by (too) fast restoration of the blood sodium concen- 
tration. These conditions are discussed in more detail 
in Chap. 89. 

Inborn errors of metabolism may lead to accumu- 
lation of toxic substances produced outside the 
blood-brain barrier and their then crossing the 
blood-brain barrier, leading to toxic brain damage. 
Many of the disorders described in the first part of 
this book may be considered an exogenous-internal 
TE. Examples are many of the amino acidopathies 
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Fig. 87.1 2. Patient with limbic encephalitis.The images show 
the typical symmetrical involvement of the medial parts of 
both temporal lobes, including the hippocampus, involve- 



ment of the thalamus, in particular the pulvinar. In this case 
there are also symmetrical lesions in the posterolateral parts of 
the midbrain 



and organic acidopathies, including the urea cycle 
disorders. In Wilson disease, the encephalopathy is re- 
lated to excessive deposition of copper in the brain, 
especially in the globus pallidus. 

Hormonal abnormalities in infants may disturb 
the normal process of myelination. Thyroid deficien- 
cy in the neonatal period causes disturbed develop- 
ment of the CNS with a decreased formation of 



myelin. Hypocortisolism, hypercortisolism, and a de- 
ficiency of growth hormone also result in hypomyeli- 
nation in infants. 

Failure of internal organs may lead to exogenous- 
internal TEs. Well-known examples are renal failure 
and hepatic failure. Hepatocerebral syndromes mani- 
fest by cerebral atrophy, by changes in signal intensi- 
ty in the basal ganglia, and by T r shortening of the 
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Fig. 87.1 3. T r weighted (SE) sagittal 
and transverse (IR) images in 3-year- 
old boy with hepatic failure and 
hepatic encephalopathy.The images 
show the typical T] shortening in the 
basal ganglia but also of the white 
matter. Due to J^ shortening the basal 
ganglia can hardly be distinguished 
from the surrounding white matter. 
The pons shows T] shortening in the 
posterior part, leading to a pattern on 
theT r weighted sagittal image as seen 
in neonates 



white matter (particularly in infants and children). 
X H-MR spectroscopy shows an increase in glutamine 
and a depletion of myo-inositol. Ammonia plays a key 
role in hepatic encephalopathy. It appears to cause 
neurotoxicity by interacting with the glutamate/glut- 
amine/GABA balance. Apart from its other roles in 
metabolism, glutamate is the most important excita- 
tory neurotransmitter. y-Aminobutyric acid (GABA), 
formed by decarboxylation from glutamate, is the 
most important inhibitory neurotransmitter. In the 
presynaptic neuron glutamate is formed from gluta- 
mine by glutaminase. After neurotransmission gluta- 
mate is taken up by astrocytes where it is processed 
by glutamine synthetase into glutamine. Glutamine is 
transported to the presynaptic neuron where glutam- 
inase catalyzes the formation of glutamate available 
for neurotransmission. Hyperammonemia has a great 
impact on this cycle by stimulating glutamine synthe- 
sis via glutamine synthetase, by possible inhibition 
of glutaminase, and by inhibition of glutamate reup- 
take by the astrocyte. However, the relation between 
the neurotransmitters' changes and the T x shortening 
as seen on MR is not clear. Other explanations for the 
Tx shortening of the basal ganglia have been suggest- 
ed, such as accumulation of manganese or of lipid 
particles. In MR images, T x shortening in the basal 



ganglia can make the basal ganglia indistinguishable 
from white matter on T\ -weighted images 
(Fig. 87.13). At the same time, there is T x shortening in 
the white matter, typically sparing the pons. In older 
patients, this spread of Ti shortening over the white 
matter is less clear. The Ti shortening of gray and 
white matter may be observed with a number of tox- 
ic-metabolic conditions, not just hepatic en- 
cephalopathy. For instance, we have seen this phe- 
nomenon in a child with hemorrhagic shock and en- 
cephalopathy syndrome (Fig. 87.14). It has also been 
reported in patients who received parenteral nutri- 
tion over a long period. 

GABA is considered to be an inhibitory neuro- 
transmitter and the counterpart of glutamate. It has 
been used in anesthesia for good reasons, but has ob- 
tained a bad reputation as a "rape" drug. We have ob- 
served cortical infarctions and neurological deficits 
after the use of this drug, probably at excessive dosage 
(Fig. 87.15). 

The endogenous forms of TE are the smallest 
group. A number of inborn errors of metabolism 
should be included here, because their effects are me- 
diated by a toxic substance produced locally. In par- 
ticular, this is the case in lysosomal storage disorders, 
such as Krabbe disease or globoid cell leukodystro- 
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Fig. 87.1 4. A 7-month-old girl with 
hemorrhagic shock and encephalo- 
pathy syndrome. Hemorrhagic laminar 
cortical lesions are seen in the occipi- 
tal lobe.There is also a striking 
T] shortening in the globus pallidus 
on theTrweighted images.The 
T 2 -weighted transverse image {second 
row, right) shows generalized atrophy, 
presence of lesions in the occipital 
area, but no clear signal changes 
in the basal ganglia 




phy. The primary defect is galactocerebroside (3- 
galactosidase deficiency. This enzyme has two func- 
tions: it degrades cerebroside into galactose and ce- 
ramide and it hydrolyzes psychosine (galactosyl 
sphingosine). Psychosine is a toxic metabolite that is 
essentially nonexistent in normal brain. Presence of 
elevated psychosine in Krabbe disease causes early, 
very rapid, almost complete death of the oligoden- 
droglia with extensive loss of myelin sheaths main- 
tained by these cells. In addition, inability to degrade 
cerebroside leads to an abnormally high concentra- 
tion of this substance within the myelin membrane, 
eventually resulting in myelin instability and break- 
down. In Krabbe disease, the disturbance of both 
functions of galactocerebroside p-galactosidase con- 
tributes to the myelin loss. In metachromatic leuko- 
dystrophy it is the local storage of sulfatide that caus- 
es myelin damage and loss. Other inborn errors of 
metabolism, glutaric aciduria type 1 and methyl- 
malonic acidemia, produce compounds with a direct 
toxic effect on the basal ganglia (see also Chap. 3). 

The toxic interactions interfering with fetal devel- 
opment can be considered as exogenous-external in- 
toxication, reaching the unborn child via the mother. 
The fetal syndromes are unique, because the effect of 
the toxin depends upon the stage of development the 



child has reached, as well as upon the nature of the 
toxin, its concentration, and the duration of the expo- 
sure. Toxic or teratogenic substances have a great im- 
pact on the developing fetus. The effects are often 
widespread and involve multiple parts of the body or 
the whole body in addition to the brain. The gamut of 
possible dysgenesis is extensive and ranges from fatal 
malformation with early spontaneous abortion to 
mild alteration in morphology and function. The 
sources of the toxins include: 

1. Medical treatment. Syndromes can result from the 
use of established drugs prescribed to the mother, 
but taken during pregnancy. Most such cases are 
accidental. A few arise when drugs are given 
knowingly in desperate cases. Antiepileptic drugs 
are known to cause developmental damage, result- 
ing, for example, in the fetal hydantoin syndrome 
and the fetal valproate syndrome. 

2. Alcohol and drug abuse. An important cause of fe- 
tal dysgenesis is the use of drugs or alcohol during 
pregnancy. The fetal alcohol syndrome has been 
reported extensively in the literature. These chil- 
dren are growth retarded, have short palpebral fis- 
sures, a low nasal bridge, epicanthus, a long convex 
upper lip, and mental retardation. The numerous 
CNS anomalies of the fetal alcohol syndrome in- 
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Fig. 87.15. Transverse FLAIR {first row) and sagittal contrast 
enhanced T r weighted images {second row) of a 17-year-old 
girl who had been administered GABA and subsequently 



raped. GABA was used to subdue the victim. The images show 
multiple cortical infarctions 



elude: derangement of neuronal and glial migra- 
tion, microcephaly, hydrocephaly, porencephaly, 
agenesis of the corpus callosum, meningomyelo- 
cele, and Dandy- Walker malformation. 
Metabolic disorders of the mother. Fetal develop- 
ment may suffer if the mother has a metabolic dis- 
order. Diabetes mellitus may be one causative fac- 
tor in the caudal regression syndrome, a complex 
abnormality of the caudal end of the embryo with 



anal atresia, sacral dysgenesis or agenesis, high 
position of the conus medullaris, and diverse uro- 
logical, neurological, and orthopedic disorders. 
Microcephaly can be caused by maternal phenyl- 
ketonuria. 

Teratogenic chemical substances. Compounds 
with teratogenic action maybe encountered in the 
direct environment (pollution, professional con- 
tact with chemicals). 



Chapter 88 



Iatrogenic Toxic Encephalopathies 



In the last decades more aggressive treatment meth- 
ods have been used to control otherwise fatal dis- 
eases. This kind of treatment has a considerable im- 
pact on the temporary improvement, cure, and sur- 
vival rate of patients with life-threatening conditions. 
It has been known for a long time that radiation ther- 
apy of the brain, either for prophylaxis as in acute 
lymphoblastic leukemia (ALL) of childhood, or for 
therapeutic reasons as in tumors of the brain, can lead 
to radiation damage of the brain, either as radiation 
necrosis or leuko encephalopathy, focal or diffuse (see 
Chap. 102). When radiation therapy is used in combi- 
nation with intravenous or intrathecal methotrexate, 
the lesions can be even more pronounced. The intro- 
duction of bone marrow and organ transplantation in 
the treatment of a number of disorders has increased 
the numbers both of reversible and of permanent le- 
sions in the central and/or peripheral nervous system 
related to the medical treatment before and after the 
intervention. This means that radiologists are in- 
creasingly being confronted with lesions of the brain 
that are therapy-related, either during the period of 
intervention, during the months following it, or even 
after an intervention that took place many years pre- 
viously 

The list of compounds that can be responsible for 
brain lesions is long, and for many of them the nature 
of the damage they may cause is known. Table 88.1 
shows where the pharmaceutical compound has its 
place in present treatment plans. Notice that for some 
interventions an aggressive pretreatment is neces- 
sary. This pretreatment may cause lesions of the 
brain, but it has also been shown that the choice of 
pretreatment medication can influence the later out- 
come of drugs used after the intervention. 



In this chapter we will discuss the side effects of 
drugs used in modern therapeutic strategies. Fortu- 
nately most of these side effects are reversible or, de- 
spite their visibility on MRI, do not lead to permanent 
major neurological dysfunction. An early clinical and 
radiological diagnosis is important. The therapeutic 
regimen should be modified or aborted and, if neces- 
sary and possible, replaced by a therapy with similar 
effect. This will in most cases lead to disappearance of 
the clinical symptoms and MR manifestations, but 
not in all. 

The reported reactions to the drugs cited in the 
Table 88. 1 may be divided in two groups of abnormal- 
ities: 



88.1 Multifocal Inflammatory 
Leukoencephalopathy 

In the patients with multifocal inflammatory leuko- 
encephalopathy (MIL) the lesions may appear multi- 
ple sclerosis-like (Fig. 88.1). There are multiple le- 
sions in the centrum semiovale, some with the ap- 
pearance of Dawson's fingers. Many lesions may en- 
hance after contrast injection. The enhancement 
may be ring-like. In other cases the lesions have 
the appearance of progressive multifocal leukoen- 
cephalopathy, with larger confluent lesions extending 
into the arcuate fibers. Sometimes the multiple en- 
hancing lesions are taken for cerebral metastases and 
brain biopsy may be performed. The latter is also 
prompted by the clinical presentation of a multifocal 
neurological syndrome with subacute confusion, 
ataxia, dysarthria, diplopia, seizures, and other neuro- 
logical signs. Neuropathology of MIL shows marked 



Table 88.1. Schematic overview of 
the most common drugs used before 
and after the central intervention. 
The list of drugs is incomplete 



Pretreatment 


Treatment 


Post-treatment 


Immunosuppression 


Radiotherapy 


Anti-GVHD 


Chemotherapy 


Bone marrow transplant 


Cyclosporine 


Cyclophosphamide 


Organ transplant 


Tacrolimus (FK506) 


Doxorubicin 


Cytostatics 


Corticosteroids 


Vincristine 


Chemotherapy 




Prednisone 


5-Fluorouracil 




L-Asparaginase 


Levamisole 




Cytosine arabinoside 


Pegaspargase 




Cisplatin 


Progenitor stem cell support 




BCNU 







GVHD, graft-versus-host disease; BCNU, 1 ,3-b/s-(2-chloroethyl)-1 -nitrosurea 
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Fig. 88.1. Multifocal inflammatory leukoencephalopathy in a 
57-year-old woman during adjuvant therapy with levamisole 
for malignant melanoma. Over a period of 3 weeks the patient 
became progressively confused and ataxic. The proton densi- 
ty image {left) shows multifocal white matter lesions, which 
enhance after contrast (contrast-enhanced T r weighted im- 



age on the right). After discontinuation of levamisole and un- 
der treatment with steroids, the clinical picture improved dra- 
matically. The MRI improved too. From Kimmel et al. (1995), 
with permission, and courtesy of Dr. E.F.M. Wijdicks, Depart- 
ment of Neurology, Mayo Clinic, Rochester Minnesota, USA 




Fig. 88.2. The T 2 -weighted images show the classical pattern 
of the posterior reversible encephalopathy syndrome with in- 
volvement of the border zones between the middle and pos- 



terior cerebral artery and the middle and anterior cerebral 
artery 
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focal cellularity of the white matter, with mononu- 
clear cells scattered throughout the white matter and 
around the blood vessels. The mononuclear cells are 
mainly macrophages. Knowledge of the drugs the pa- 
tient is taking will, of course, lead to the correct diag- 
nosis and treatment. MIL is mostly seen in patients 
with colon cancer treated with a combination of 5- 
fluorouracil (5-FU) and levamisole, the latter proba- 
bly playing the dominant role and 5-fluorouracil act- 
ing as potentiator of the immuno stimulatory actions 
of levamisole (Fig. 88.1). A patient has been reported 
who developed MIL after treatment with 5-fluo- 
rouracil alone. This patient, however, had a deficiency 
of dihydropyrimidine dehydrogenase, an enzyme 
necessary for 5-fluorouracil catabolism. MIL has also 
been described in patients treated with 5-fluorouracil 
derivatives, such as tegafur [l-(2-tetrahydrofuryl)-5- 
fluoro-uracil] and carmofur (l-hexylcarbamoyl-5- 
fluoro- uracil). After discontinuing the therapy the en- 
cephalopathy usually still progresses for 1 or 2 
months, and then gradually clinical and radiological 
improvement occurs, although often incomplete. 



88.2 Posterior Reversible 

Encephalopathy Syndrome 

Drugs used in the prevention of graft-versus-host 
disease (GVHD) may lead to a reversible encephalo- 
pathy syndrome, posterior reversible encephalopathy 
syndrome (PRES), that bears resemblance to what is 
seen in acute hypertensive encephalopathy (Figs. 
88.2-88.4; see also Chap. 92). In fact, the reaction may 
be mediated by hypertension, but there are excep- 
tions. Clinically the presentation of the syndrome 
consists of altered mental status, headaches, seizures, 
and cerebral blindness. Drugs most often used in 
GVHD are cyclosporine and tacrolimus. Cyclosporine 
is of great importance in organ and bone marrow 
transplantation. The activity of cyclosporine is T-cell- 
mediated and inhibits calcineurin, which plays a role 
in calcium-mediated cell death. Cyclosporine is also 
used in autoimmune disorders, insulin-dependent di- 
abetes mellitus, inflammatory bowel disease, chronic 
asthma, rheumatoid arthritis, aplastic anemia, and 
psoriasis. Tacrolimus (FK 506) suppresses both the 
cell-mediated and humoral immune responses by se- 
lectively inhibiting the expression of T lymphocytes 
of a subset of early-phase activation genes, including 
interleukin (IL)-2, IL-3, IL-4, interferon-y, tumor 
necrosis factor, and granulocyte colony- stimulating 
factor. Tacrolimus binds, as cyclosporine, to specific 
intracellular protein ligands, which play a role in 
maintaining the stability of intracellular structures. 
Tacrolimus and cyclosporine inhibit the activity of 
calcineurin, but it is unclear how this relates to the de- 
velopment of leuko encephalopathy. The PRES reac- 



tion is only one of the possible neurological side ef- 
fects of these drugs, and effects on other organs are 
also known. In PRES there is, as in hypertensive en- 
cephalopathy, preferential involvement of the occipi- 
tal lobes, but other locations - the frontal lobes, bor- 
der zones, mesencephalon, and pons and cerebellum 
- have also been reported. The preference for areas in 
the vertebrobasilar arterial territory is considered to 
be due to the lack of sympathetic-parasympathetic 
fibers around these vessels, with poorer autoregula- 
tion as a result. There are many other suggestions for 
how to explain the selective damage: for example, lo- 
cal endothelial damage with the release of vasoactive 
peptides leading to labile blood pressure and va- 
sospasm, and thrombotic microangiopathy leading to 
microvascular damage. None of these theories is com- 
pletely satisfactory. In some cases only the subcortical 
white matter is involved, the gray matter being 
spared. In other cases the cortex is also involved. 
There is evidence for a relation between the condi- 
tioning regimens used before allogeneic bone mar- 
row transplant and the type of lesions observed under 
post-treatment medication. Patients under post- 
treatment medication who were pretreated with cy- 
clophosphamide and a chemotherapeutic agent, such 
as busulfan or thiotepa, develop cortical abnormali- 
ties with various degrees of subcortical white matter 
involvement. Nontransplant and transplant patients 
treated with cyclophosphamide and total body irradi- 
ation have lesions in the subcortical and deep white 
matter, without cortical involvement. This exempli- 
fies how the final result is the last stage of a complex 
process. Cyclosporine-related toxicity is more often 
seen in liver transplantation than in cardiac or renal 
transplantation. The elimination of cyclosporine is 
through hepatic metabolism via the P-450 cyto- 
chrome oxidase system, and the concentration of bio- 
logically active cyclosporine depends on the blood 
cholesterol level. For this reason, cyclosporine toxici- 
ty occurs especially in the period shortly after liver 
transplantation, when the new liver has not regained 
its full functional capability. It is also clear that the 
pre-existing condition of the patient, which necessi- 
tated the liver transplant and may have included a he- 
patocerebral syndrome, alcoholic liver cirrhosis, and 
a severe degree of alcohol-related neurological dis- 
ease, may obscure the symptoms of cyclosporine or 
tacrolimus toxicity. In these potentially reversible tox- 
ic disorders diffusion -weighted images and ADC 
maps are important. They help to differentiate be- 
tween cytotoxic edema and vacuolating myelinopa- 
thy on one hand, and vasogenic edema on the other. 
As a rule, increased diffusivity is seen in reversible 
conditions and is helpful in the initial diagnosis, 
whereas decreased diffusivity usually predicts a 
poorer prognosis. 
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Fig. 88.3. Images of a 14-year-old girl with Henoch-Schonlein 
purpura treated with cyclosporine. T 2 -weighted images did 
not show abnormalities, despite neurological symptoms. 



FLAIR images show some minor lesions in the typical spots in 
the posterior parts of the hemispheres 



In the last years it has become clear that toxic ef- 
fects may appear a long time, even many years, after 
the intervention, and the link between the interven- 
tion and the brain abnormalities may not be obvious. 
We have just started to learn that even many years 



after bone marrow transplant, which involves the use 
of total body irradiation and immunosuppressive and 
chemotherapy, severe, fatal leukoencephalopathy may 



occur. 
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Fig. 88.4. A 45-year-old woman 
underwent lung transplantation and 
treatment with cyclosporine to pre- 
vent graft-versus-host disease.The 
sagittal T 2 -weighted images {first row) 
show a lesion selectively located in 
the mesencephalon and upper pons. 
The FLAIR images {second row) show 
this lesion even more clearly. The 
contrast-enhanced T r weighted 
images {third row) demonstrate that 
the core of the lesion enhances. After 
the medication was changed, the 
lesion disappeared within 2 weeks 




Chapter 89 

Central Pontine and Extrapontine Myelinolysis 



89.1 Clinical Features 

and Laboratory Findings 

Central pontine myelinolysis (CPM) is a demyelinat- 
ing disorder affecting mainly the central part of the 
pons. In some cases, CPM is accompanied by ex- 
trapontine myelinolysis (EPM, together CPM/EPM). 
CPM/EPM is not a primary disease but develops 
against a background of other, usually severe condi- 
tions, apparently as a complication of the main dis- 
ease. It occurs most often in alcoholics but has also 
been reported in association with diabetic ketoacido- 
sis, psychogenic excessive water drinking, inappro- 
priate antidiuretic hormone secretion, malnutrition, 
and chronic debilitating diseases. It is probable that 
the underlying cause of myelinolysis in all these dis- 
orders is a derangement of serum sodium concentra- 
tion, particularly a rapid correction of hyponatremia 
and rapid changes in osmotic conditions. 

Most of the patients are severely ill as a result of the 
primary disorder. It takes a period of a few days for 
patients to develop the clinical symptoms caused by 
CPM/EPM. Mental confusion is present in many but 
not all cases. Sometimes patients suddenly lapse into 
coma for no apparent reason. No particular type of 
mental change is specific for CPM and EPM, as there 
are a variety of associated clinical conditions, some of 
which have their own mental counterparts, such as 
Wernicke encephalopathy, delirium tremens and var- 
ious metabolic encephalopathies. Frequently a bulbar 
or pseudobulbar syndrome is present, manifesting it- 
self in dysarthria or anarthria, dysphagia, and some- 
times weakness of the neck muscles. Involvement of 
the facial nerve is uncommon; when present, it is usu- 
ally of the central type and part of a hemispheric syn- 
drome. Occasionally a limitation of conjugate move- 
ment of the eyes is found. Oculomotor or abducens 
nerve dysfunction is rarely observed. Pupillary dis- 
turbances may be present. The weakness of the limbs 
is often severe, resulting in tetraparesis or tetraplegia. 
The usual type of motor weakness is flaccid with hy- 
poreflexia. Extensor plantar reflexes and abnormal 
bulbar reflexes are often present. Because of the 
weakness the testing of cerebellar function is often 
impossible. Extrapyramidal features may occur. Sen- 
sory findings are rare. 

The clinical manifestations of CPM/EPM vary, ac- 
cording to the extent of the lesions, from minimal to a 
complete locked-in syndrome or coma. The constella- 



tion of neurological findings is not specific for 
CPM/EPM and may also be seen in other types of 
brain dysfunction, particularly in pontine infarction 
or hemorrhage. Clinically, CPM/EPM can only be sus- 
pected, especially if the neurological condition of a 
patient deteriorates after correction of hyponatremia 
(serum sodium less than 120mEq/l). Symptoms of 
the disease appear within hours or up to a week after 
correction of hyponatremia. Many patients with neu- 
rological manifestations of CPM/EPM die of compli- 
cations or underlying disease. However, other pa- 
tients survive with partial or complete recovery. 

In CPM the EEG is rarely abnormal, because even 
large lesions of the base of the pons are compatible 
with a normal EEG. The most frequently observed 
EEG abnormality is a generalized slowing, correlating 
with the level of consciousness. In EPM, the EEG may 
show focal abnormalities. BAEPs and SSEPs often 
show abnormalities consistent with a pontine lesion, 
but may also be completely normal. The abnormali- 
ties are nonspecific. 



89.2 Pathology 

In CPM there is usually a single symmetrical lesion, 
often with a typical "go" form, located in the central 
part of the base of the pons. It can be large, occupying 
almost the entire base of the pons, or very small. Gen- 
erally the lesion is continuous and sharply defined, al- 
though an island of tissue is occasionally preserved. 
In exceptional cases the lesion develops unilaterally 
or appears to be multifocal. Rarely, the lesion spreads 
into the tegmentum pontis or into the middle cerebel- 
lar peduncles. It does not usually extend to the surface 
of the pons. 

Histologically, there is severe and sometimes com- 
plete loss of myelin in the lesion, with a concomitant 
loss of oligodendrocytes. Demyelination affects both 
the long tracts (pontocerebellar transverse fibers and 
the long descending tracts) and the pontine nuclei. 
The axons are usually well preserved, although a con- 
siderable loss of axons may occur. The most severely 
affected area may be cystic in nature due to almost to- 
tal disappearance of myelin and axons. Axonal loss is 
associated with degenerative changes in nerve cells. 
However, on the whole, neurons of the pontine nuclei 
are relatively spared even in areas of severe demyeli- 
nation. Reactive astrocytosis and macrophage re- 
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sponse are usually present. Macrophages contain 
remnants of disintegrated myelin and lipid material. 
Neither vascular disease nor inflammation is seen. 

In EPM, which accompanies CPM in 10% of pa- 
tients, similar demyelinating lesions occur outside 
the pons, with a predilection for the white matter of 
the cerebellum, especially the folia. Also affected are 
the mammillary bodies, the tegmentum of the mid- 
brain, the lateral geniculate bodies, the thalamus, 
striatum, the internal, external, and extreme capsules, 
the anterior commissure, the fornix, the deep layers of 
the cerebral cortex and subjacent white matter of the 
crowns and sides of the cerebral gyri. Not all these 
structures are necessarily affected in any one patient; 
the precise localization of demyelinated lesions varies 
from patient to patient. In exceptional cases, histolog- 
ical abnormalities consistent with the diagnosis EPM 
occur without any pontine lesion. 



89.3 Pathogenetic Considerations 

CPM and EPM have been reported in quite a number 
of conditions: alcoholism, psychogenic water drink- 
ing, diabetic ketoacidosis, subdural abscess, brain 
tumor, cerebral trauma, meningitis, encephalitis, 
renal dialysis, malnutrition, lung infections, adreno- 
cortical insufficiency, postoperative hyponatremia, 
inappropriate antidiuretic hormone secretion, extra- 
cerebral malignancy, and other chronic debilitating 
diseases. The etiology is not completely understood. 
Abnormalities in serum sodium levels have been the 
subject of considerable interest in this respect. There 
is evidence that rapid correction of hyponatremia 
may cause CPM/EPM. Clinical observations strongly 
suggest this causal relationship as the clinical symp- 
tomatology in CPM/EPM is usually preceded by a 
rapid rise in serum sodium after a period of sustained 
hyponatremia. Usually, no neurological injury is 
seen when the chronic hyponatremia is corrected 
slowly. In all diseases inferred to be able to induce 
CPM/EPM, hyponatremia is a common complication, 
for which rigorous treatment is often instituted after 
hospitalization. 

There are strong indications that CPM/EPM is in- 
deed an iatrogenic disease. The first description of 
this syndrome dates from the 1950s. It is inconceiv- 
able that it could have been missed by neurologists 
and pathologists of the nineteenth and early twenti- 
eth centuries with their strong reliance on post- 
mortem examination. In the 1950s more liberal use 
was made of intravenous tubing, and there was inter- 
est in treating alcoholic withdrawal states by massive 
administration of intravenous fluid. Thiazide diuret- 
ics were introduced for clinical use at this time. These 
factors probably contributed to the genesis of hy- 
ponatremia. Alcohol has an antidiuretic-hormone- 



blocking effect. Alcohol withdrawal leads to rapid re- 
turn of antidiuretic hormone function, thus causing 
hyponatremia. With intravenous tubing, aggressive 
treatment of hyponatremia by infusion of hypertonic 
solutions became possible in any of the implicated 
diseases. The clinical syndrome and the characteristic 
histological lesions of CPM/EPM can be reproduced 
in experimental work with dogs and rats by rapid 
correction of hyponatremia. In these experiments, 
hyponatremia in itself does not appear sufficient to 
induce CPM/EPM, and neither self-correction of the 
serum sodium nor a rapid rise from normonatremia 
to hypernatremia results in CPM/EPM. 

However, there are other, conflicting data. Some in- 
vestigators found that the rate of increase in serum 
sodium in patients with CPM/EPM had been more 
rapid than in patients with hyponatremia but without 
CPM/EPM. Others found no difference in the rate of 
increase of serum sodium in the two groups. Some- 
times patients with a slow rise in serum sodium still 
develop CPM/EPM. Some authors stress that most of 
the patients developing CPM/EPM became hyperna- 
tremic after correction and state that it is the eleva- 
tion of serum sodium to hypernatremic levels rather 
than the rapid correction that predisposes to CPM/ 
EPM. Others have found that CPM/EPM can develop 
without overcorrection, while a mild hyponatremia 
still exists. In a recent discussion, attention was paid 
to the combined role of hyponatremia and hypoxia. 
The new point of view was that independent of the 
rate of correction of the hyponatremia, brain stem 
lesions develop when hypoxia is present. 

The exact pathogenesis of demyelination in CPM/ 
EPM is not clear. It is known that generalized cellular 
edema is the hallmark of acute hyponatremia. In cas- 
es of chronic hyponatremia, brain cells have adapted 
to this condition by extruding sodium, potassium, 
chloride, and water. The loss of more solute than wa- 
ter renders cellular and extracellular fluid equally 
hypotonic, but reduces cell swelling. Restoration of 
normal serum osmolality removes water from the hy- 
potonic tissue and causes the adapted, normovolemic 
brain cells to shrink to volumes less than normal. As 
brain cells replenish lost electrolytes, the normal cel- 
lular volume is re-established. Complications may re- 
sult if normonatremia is achieved too rapidly before 
cellular restoration of lost solute. The rapid rise in 
sodium level results in an osmotic endothelial injury 
and in opening of the blood-brain barrier. The pro- 
posed mechanisms for opening the blood-brain bar- 
rier are endothelial cell shrinkage allowing fluid into 
the intercapillary and pericapillary spaces. Others 
suggest that the barrier opening is in fact due to en- 
hanced vesicular transport. In any case, the penetra- 
tion of the blood-brain barrier is proven by the pres- 
ence of biliary pigment in the myelinolytic lesion of 
some highly jaundiced patients. It is hypothesized 
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that the endothelial injury leads to a release of 
myelinotoxic factors from the damaged cells, in turn 
leading to demyelination. Alternatively, and not nec- 
essarily mutually exclusively, the osmotic opening of 
the blood-brain barrier results in vasogenic edema. 
Indeed, edema has been observed in CPM lesions. It is 
known that edema may itself be myelinotoxic. If the 
presumption of this mechanism is correct, it may ex- 
plain the localization of lesions, which preferentially 
develop at sites characterized by an extensive admix- 
ture of gray and white matter. Of all regions in the 
brain, the pons has the greatest degree of gray-white 
apposition. Areas such as the basal ganglia, thalamus, 
geniculate bodies, and cortex- white matter junctions 
also have extensive apposition of gray and white mat- 
ter. Edema or related myelinotoxic factors are princi- 
pally derived from the highly vascular gray matter 
and are thus able to affect the adjacent heavily myeli- 
nated white matter. However, the mechanism where- 
by edema may cause demyelination remains to be de- 
termined. An alternative hypothesis states that edema 
of the pons would result in strangulation of tracts and 
nuclear masses. In the base of the pons, longitudinal 
and transverse fibers interlace. Because of this grid- 
like anatomy, the pons is particularly susceptible to 
damage when edema occurs, as the edema liter- 
ally strangles the myelin sheaths and small blood ves- 
sels. If mild, this would result in a reversible physio- 
logical block of neurotransmission. If edema persist- 
ed and became more severe, irreversible demyelina- 
tion would occur. 

Although the summarized views seem reasonable, 
there are some objections. This grid pattern is not 
present in extrapontine localizations of myelinolysis. 
There are regions in the brain in which myelinated 
fibers are interspersed with layers of gray matter that 
do not show myelinolysis. And, finally, the factor of 
edema, invoked in several theories of myelinolysis, is 
little documented. 

Another variable to be considered is the role of 
the underlying condition. The over-representation of 
alcoholics in the myelinolysis population requires 
explanation. It may simply be related to the fact that 
alcoholics admitted to hospital are in withdrawal and 
at the same time vigorously treated with intravenous 
fluids. Another possibility is that the alcoholic state or 
the withdrawal of alcohol somehow makes the brain 
more sensitive to the rapid rise of serum sodium from 
hyponatremia. This is conceivable, since alcohol re- 
portedly affects brain hydration. Thiamine deficiency 
may be another factor. Thiamine deficiency may 
cause depletion of ATP, which may affect the trans- 
port of electrolytes in the cell membranes, producing 
endothelial damage and making cells more vulnera- 
ble to osmotic change. The fact that CPM/EPM has 
been observed in the setting of a variety of medical 
disorders other than alcoholism suggests that seri- 



ously ill patients are in general vulnerable to the dis- 
ease. Again, this fact may simply indicate that very 
sick patients face an increased risk of hyponatremia 
or a greater likelihood of undergoing vigorous cor- 
rection of hyponatremia. The other possibility is that 
the brains of debilitated patients are less resistant to a 
rapid rise in serum sodium. Here, too, thiamine defi- 
ciency may play a role. 



89.4 Therapy 

No therapy is available for CPM/EPM. As soon as the 
neurological symptomatology has developed, only 
symptomatic measures can be taken. Prevention must 
therefore be the focus of clinical efforts. The preven- 
tion of CPM/EPM relates to the medical approach to 
hyponatremia, especially chronic hyponatremia. As 
there are different opinions about the role of hypona- 
tremia and the rise of serum sodium level in the gen- 
esis of CPM/EPM, there are likewise many guidelines 
for the correction of hyponatremia. In severe hypona- 
tremia with a serum sodium concentration below 
120 mmol/1, correction is necessary. The recommend- 
ed rate of correction varies between 0.5 to 2 mmol/1 
per hour, or 12 to 48 mmol/1 per day. The fact that hy- 
ponatremia itself may lead to brain damage forms an 
argument against very slow correction. After reaching 
a concentration of 120-130 mmol/1, water restriction 
in combination with a diet with normal salt content is 
recommended. In chronic asymptomatic hypona- 
tremia, simple water restriction and a diet with nor- 
mal salt content may suffice from the beginning. Oth- 
ers prefer a combination of normal saline with fluid 
restriction. Of course, diuretics, which cause salt loss, 
are discontinued. It is advisable to avoid hyperna- 
tremia. In the light of recent discussion, one should 
also be aware of the influence of hypoxic-ischemic 
conditions and avoid or correct those as soon as pos- 
sible. 

In addition to the rate of sodium correction, the 
total osmotic load from contrast material in neu- 
roimaging must be considered. Intravenous contrast 
material should not be used in the immediate post- 
correctional period of hyponatremia. 



89.5 Magnetic Resonance Imaging 

CT scanning may show fairly characteristic abnor- 
malities in CPM, consisting of a roundish or "go-" or 
"batwing-shaped" hypodense area in the midline of 
the pons, approximately equidistant from the floor of 
the fourth ventricle and the ventral surface of the 
pons, with, in the acute phase, peripheral enhance- 
ment after contrast injection. The fourth ventricle 
shows no displacement, and the brain stem is of nor- 
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Fig. 89.1. A 56-year-old man with an 
episode of general malaise, vomiting, 
and desiccation. Hyponatremia of 
1 11 .5 mmol/l was corrected in 2 days 
to 134 mmol/l, followed by severe 
neurological symptoms. Mid sagittal 
T] and transverse T 2 -weighted MR 
images demonstrate the characteristic 
features of CPM in the subacute 
phase, typically sparing the outer 
rim of the pons 




Fig. 89.2. A 44-year-old man with 
chronic alcohol abuse and hypona- 
tremia. The MRI was obtained in the 
acute phase of CPM. The characteristic 
oo-shaped lesion central in the pons 
in the acute phase is especially well 
seen on the transverse T 2 -weighted 
image. Courtesy of Dr. B.G. Ziedses 
des Plantes Jr., Deventer Hospital, 
Deventer,The Netherlands 




mal size. The CT scan can also detect abnormalities 
consistent with EPM. Sometimes the CT scan is found 
to be normal in CPM/EPM. In some patients the hy- 
podensities of the CT scan disappear as the patient 
improves, but persistence of hypodensities has also 
been observed despite clinical cure. CT findings ap- 
pear to correlate rather poorly with the clinical syn- 
drome. Furthermore, the specificity of CT findings in 
CPM is not high, as differentiation between CPM and 
other pontine lesions, especially pontine infarction, is 
often difficult or impossible. It is not an infrequent 
occurrence that posterior fossa artifacts, characteris- 
tic on CT, prevent optimal assessment of the pontine 
area. 

MRI is capable of showing the characteristics of 
CPM and EPM in more detail. MRI is normal or may 
even show low signal intensity in the pons on T 2 - 
weighted images at onset of clinical symptoms. In 
classic cases of CPM, repeat MRI after a few days 
shows symmetric high signal intensity on T 2 -weight- 
ed images, representing myelinolysis of the base of 
the pons, spreading centrifugally from the median 
raphe, characteristically leaving the outer rim of the 
pons unaffected (Figs. 89.1 and 89.2). Hence, the ven- 



trolateral longitudinal fibers are spared. In severe cas- 
es, necrosis and cavitation may develop. The lesions 
may spread into the pontine tegmentum and mesen- 
cephalon. Most reports reject a correlation between 
the severity of the MRI findings and the clinical con- 
dition. On the other hand, in the follow-up of patients 
a good correlation between clinical improvement and 
the fading of lesions on MRI is observed. Even with 
complete clinical restoration, however, abnormalities 
on MRI remain visible for a long time. Ring enhance- 
ment of the lesions in the pons after injection of intra- 
venous contrast has been observed in the acute phase. 
Although in MRI the quantities of injected contrast 
material are far less than in CT, administration of 
contrast should be avoided, if possible, in order not to 
aggravate the patient's ionic imbalance. Moreover, 
enhancement of the lesions in the pons does not con- 
tribute to the diagnosis. Diffusion-weighted imaging 
may add helpful information. In the acute phase Trace 
diffusion-weighted images show a high signal in the 
central pontine lesion with corresponding low ADC 
values, in conformity with initial cellular edema. In a 
few days ADC values pseudonormalize. 
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Fig. 89.3. A 64-year-old man became critically ill after surgery 
for removal of a meningioma. Surgery and postoperative 
course were complicated by severe blood loss and hypona- 
tremia, both of which were corrected. After initial good recov- 
ery, deterioration of the clinical condition occurred. The T 2 - 
weighted coronal and transverse images show the postopera- 



tive edema in the right temporal lobe. Furthermore,there is ex- 
tensive myelinolysis in the cerebellar white matter, the middle 
cerebellar peduncles, the internal capsule, and the subcortical 
white matter, with preponderance on the right side. The pon- 
tine white matter is slightly affected. Gradual return to normal 
occurred in the weeks that followed 



The findings as described are highly characteristic 
of CPM. With the typical antecedents there is no great 
difficulty in establishing a diagnosis. Differentiation 
in less clear cases is mainly from pontine glioma and 
pontine infarctions. 



Sometimes lesions in the basal ganglia are seen to- 
gether with the typical lesions in the pons. These cas- 
es can be considered transitional between CPM and 
CPM/EPM. In EPM, lesions are most often seen in the 
putamen and caudate nucleus. In addition, lesions 
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may occur in the globus pallidus, thalamus, genicu- 
late bodies, mammillary bodies, hippocampus, inter- 
nal and external capsule, corpus callosum, anterior 
commissure, and cerebellar and cerebral gyral convo- 
lutions (Fig. 89.3). Lesions may also be confined to the 
middle cerebellar peduncles (Fig. 89.3). EPM may 
occur in isolation or be combined with CPM. Estab- 



lishing the diagnosis EPM is not difficult in the pres- 
ence of the characteristic pons lesion. The differential 
diagnosis in EPM without a pontine lesion is more 
difficult and includes acute disseminated encephalo- 
myelitis, encephalitis, and toxic-metabolic ence- 
phalopathies. 



Chapter 90 

Hypernatremia 



90.1 Clinical Features 

and Laboratory Findings 

It has been known for a long time that hypernatrem- 
ia is a highly toxic condition which, if not adequately 
and immediately treated, may end with severe neuro- 
logical deficits, coma, and death. In most patients hy- 
pernatremia is a result in most patients of dehydra- 
tion due to either insufficient intake or excessive loss 
of water, as in diarrhea, vomiting, adrenal dysfunc- 
tion, or hypothalamic dysfunction caused by head 
trauma, brain surgery, pituitary tumors, cranio- 
pharyngiomas, other brain tumors, abscesses, or he- 
morrhages. Hypernatremia may also follow the dis- 
continuation of intake of lithium after long-lasting 
treatment. This results in a defect in concentrating 
urine, leading to hypernatremia. 

Another, less frequent, cause of hypernatremia is a 
too high intake of salt, either accidentally or nonacci- 
dentally, in the latter case often as form of abuse or 
punishment. Attempts at abortion by intra- amniotic 
injection of hypertonic salt solution may lead to seri- 
ous hypernatremia. Accidental disasters of intake of 
high doses of salt have been reported, when in the 
nursery sugar is inadvertently replaced by salt in 
preparing one of the formulas for neonates or when a 
10% salt solution is used for infusion in neonates in- 
stead of a 10% glucose solution. Use of the wrong flu- 
id for emetics, gastric lavage, and other medical inter- 
ventions has been reported as an iatrogenic cause of 
hypernatremia in other cases. A separate chapter in 
salt poisoning is the nonaccidental, forced intake of 
too large quantities of salt as form of punishment, pu- 
rification for religious motives, or child abuse. In 
many cases in children nonaccidental salt poisoning 
is part of the "Munchausen by proxy" syndrome. 

The initial clinical presentation of hypernatremia 
may vary from drowsiness, inactivity, and irritability 
to altered consciousness, confusion, seizures, and ev- 
idence of dehydration, including sunken eyes, dry 
mouth, dry mucosa, doughy skin turgor, raised blood 
pressure, and irregular pulse. Coma may ensue. Fur- 
ther deterioration may occur after the initial diagno- 
sis and installation of treatment, and severe neurolog- 
ical deficits may develop and remain even after suc- 
cessful regulation of the osmotic balance. The death 
rate among patients with serious hypernatremia is 
high. 



Laboratory findings include a serum sodium level 
higher than 150mEq/l by definition. Sodium excre- 
tion is usually found at maximum physiological rates 
of 270-290 mEq/1 in urine, but is sometimes in excess 
of that, as high as 400 mEq/1, the latter at the expense 
of fluid homeostasis and thus leading to volume de- 
pletion. 



90.2 Pathology 

In the fatal incidents in neonates and infants patho- 
logical findings are uniform. Most of the abnormali- 
ties are found in the lungs and brain. In the lungs he- 
morrhages are found, sometimes very extensive. In 
the brain, subdural and focal subarachnoid hemor- 
rhages are seen. On sectioning, petechial and larger, 
more confluent hemorrhages are seen, in particular 
in the basal ganglia and the white matter. The cerebral 
and cerebellar cortex is relatively spared. In the basal 
ganglia discolored spots are seen. The substance of 
the white matter in the centrum semiovale is macro- 
scopically changed, with areas of gray-brownish dis- 
coloration. 

Microscopic examination confirms the multiple 
petechial hemorrhages, together with thrombosis in 
many small vessels. Around these thrombotic vessels 
ring-like hemorrhages are present, with perivascular 
edema. The discoloration seen in the white matter 
appears to be related to the thrombotic vessels and 
focal hemorrhages. Hemosiderin is present in these 
lesions, making it possible to date these hemorrhages 
to the onset of the clinical symptoms. In some pa- 
tients thrombosis of venous sinuses is seen. The over- 
all picture is that of a hemorrhagic encephalopathy, 
with thrombosis, derangement of microcirculation, 
and necrosis. 



90.3 Pathogenetic Considerations 

The fluid balance of the body is maintained by multi- 
ple hormonal and neurogenic mechanisms. These 
keep the total quantity of fluid, the concentration of 
solutes, and thus the osmolality of body fluids within 
narrow limits. Disruption of these homeostatic mech- 
anisms may lead to either overhydration with hypo- 
osmolality, or dehydration with hyperosmolality. Ex- 



90.5 Magnetic Resonance Imaging 691 



cessive intake of fluid on the one hand, or excessive 
intake of salt on the other, may cause the regulatory 
capacity of the homeostatic system to be exceeded. 
Damage of the regulatory systems in the hypothala- 
mus, by trauma, brain surgery, tumor, or other ex- 
panding lesions, may also lead to deregulation of the 
osmotic sensors or deficiency of antidiuretic hor- 
mone. 

The effects of hypernatremia on the brain appear 
with some delay. It takes time before the blood-brain 
barrier is disrupted. In experiments, animals with hy- 
pernatremia show similar clinical signs as humans: 
lethargy, irritability, tremor, ataxia, seizures, and 
eventually coma and death. On autopsy shrinkage of 
the brain is obvious with hemorrhagic fluid present 
around the brain. In some instances there are massive 
subdural hematomas. These are probably caused by 
tearing of veins which bridge the space between the 
brain and the calvarium. Smaller hemorrhages at the 
brain surface and in the parenchyma are the result of 
direct damage to the endothelium of the smaller ves- 
sels and capillaries. Increased osmolality of the blood 
causes water to move from the brain toward the 
blood. The brain reacts to the osmotic insult with the 
generation of intracellular osmolytes, so-called idio- 
genic osmolytes. These osmolytes serve to regulate 
volume and can reach high concentrations within 
cells. The intracellular osmolality is thereby increased 
and the loss of cellular fluid counteracted. Several 
substances have been identified as putative organic 
osmolytes, among them myo-inositol, AT-acetylaspar- 
tate, glycerophosphoryl choline, and taurine. How- 
ever, rapid correction and normalization of blood 
osmolality may subsequently lead to relative hyperos- 
molality of the brain, resulting in shift of fluid from 
the intravascular compartment to the brain par- 
enchyma, brain edema, and possibly pontine and ex- 
trapontine myelinolysis. 



90.4 Therapy 

Therapy consists mainly of restoring the osmotic bal- 
ance and bringing the sodium levels back to normal 
values. Too rapid correction of the sodium levels may 
be followed by pontine and extrapontine myelinoly- 
sis, a complication more often seen in too rapid 
correction of hyponatremic states. For this reason 
it has been advised that the decrease in plasma sodi- 
um should not exceed 0.5 mEq/1 per hour and that 



normalization of serum sodium levels should be 
achieved in 48-72 h. Dialysis has also been advocated. 
The damage done to brain, lungs, and kidney devel- 
ops rapidly, and hypernatremia, especially in chil- 
dren, is fatal in over 50% of cases. Treatment should 
therefore start as soon as possible. Special attention 
is, of course, also necessary for renal, pulmonary, and 
cardiac function. Even when the patient survives, 
severe neurological deficit may remain. 



90.5 Magnetic Resonance Imaging 

Very few reports are available on neuroimaging find- 
ings in patients with hypernatremia. On CT, extensive 
cerebral and cerebellar hemorrhages have been de- 
scribed. CT may also show bilateral transient thalam- 
ic hypodensity. One report describes the MR findings 
in a neonate with hypernatremic dehydration. This 
was a 15-day-old girl who received insufficient quan- 
tities of breast milk for several days. MR showed a 
superior sagittal sinus thrombosis with a venous he- 
morrhagic infarction, and some smaller hemorrhages 
with surrounding edema. 

We have seen a 2.5-month-old child, a victim of 
child abuse, who was given a small amount of sodium. 
On admission the blood sodium level was 200 mEq/1. 
The first MRI showed extensive abnormalities con- 
fined to the nonmyelinated frontotemporal areas, 
whereas the myelinated areas seemed to be preserved 
(Fig. 90.1). The lesions showed irregular enhance- 
ment, indicating a defective blood-brain barrier 
(Fig. 90.1). After the initial phase of swelling, shrink- 
age of the affected parts followed with evidence of he- 
morrhagic necrosis (Fig. 90.2). Finally, serious atro- 
phy of the frontal and temporal lobes and gliosis de- 
veloped (Fig. 90.3). The child remained severely neu- 
rologically damaged. 

When MRI is required in patients suspected of 
having hypernatremia, the protocol should include 
gradient echo images to identify hemorrhage, patho- 
logically a constant finding. Proton MRS could be of 
interest because it will be able to monitor osmolytes 
such as myo-inositoL The presence of hemorrhages, 
however, would probably disturb magnetic field ho- 
mogeneity. 

When nonaccidental salt poisoning is suspected, 
one should be alert for other possible signs of child 
abuse. 
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Fig. 90.1. 
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Fig. 90.2. After 1 .5 weeks atrophy of the affected areas evolves.TheT r weighted axial {second row) and sagittal images {third row) 
demonstrate the hemorrhagic component of the necrosis 



Fig. 90.1 . A 2.5-month-old girl was the victim of nonacciden- 
tal salt intoxication. The T 2 -weighted images {first and second 
row) show involvement of the, at this stage of development, 
unmyelinated parts of the brain: the frontal and temporal 
lobes. The involved parts are partly swollen. The myelinated 
internal capsule, brain stem, and cerebellar white matter are 
intact.TheTrweighted images {third row) show that myelina- 
tion is normal and that the unmyelinated cerebral white matter 
has a low signal intensity. After contrast injection {fourth row), 
there are some areas of contrast enhancement as evidence of 
disruption of the blood-brain barrier 
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Fig. 90.3. Another month later, severe atrophy of frontal and temporal lobes and ventriculomegaly are seen. Bilateral frontal sub- 
dural effusions are present 



Chapter 91 

Marchiafava-Bignami Syndrome 



91.1 Clinical Features 

and Laboratory Investigations 

Marchiafava-Bignami syndrome (MBS) is a disorder 
characterized by primary degeneration of the corpus 
callosum in chronic alcoholics. Although a high pro- 
portion of reported cases have been Italians, drinking 
Italian wine, the condition has also been described in 
many non-Italians drinking non-Italian wine. Most 
affected cases were middle-aged men whose daily 
wine consumption had been 21 or more for many 
years. 

The disease has three major clinical forms: acute, 
subacute, and chronic. The acute form is character- 
ized by sudden onset with severe disturbances of con- 
sciousness, sometimes heralded by convulsions. The 
initial phase is followed by the development of persis- 
tent coma or stupor with pyramidal signs and hyper- 
tonia. Patients are generally mute, but if they say a few 
words, they appear to be severely dysarthric. They 
may die within a few days. The subacute condition is 
characterized by rapidly progressive dementia, some- 
times following an initial acute state with temporary 
coma or convulsions. The dementia has characteris- 
tics of a split-brain syndrome. The patients are usual- 
ly dysarthric. Hypertonia of the limbs is quite com- 
mon and marked by strong opposition to any move- 
ment, either flexion or extension. There is spastic flex- 
ion of the arms and extension of the legs with 
hyperreflexia and extensor plantar reflexes. A facial 
grimace and trismus may be present, as well as 
opisthotonus. In the end stage the patients are unable 
to walk or stand. Severe dementia usually progresses 
to a vegetative state and death within a few months. In 
the chronic form, which is much less common, de- 
mentia progresses slowly over a number of years. 
Neurological examination reveals diffuse rigidity, 
dysarthria, and inability to stand or walk, as in the 
subacute form. This condition progresses steadily to- 
wards death several years later. It should be noted, 
however, that in a few cases improvement of the pa- 
tient's condition and disappearance of image abnor- 
malities have been reported. 

Laboratory investigations may reveal vitamin defi- 
ciencies due to malnutrition but they are probably not 
directly related to MBS. Combinations of Wernicke 
encephalopathy with MBS have been described. There 
is no laboratory test for MBS. 



91.2 Pathology 

The principal pathological change is necrosis of the 
corpus callosum. The necrosis may involve the entire 
length of the corpus callosum or only a part of it. The 
middle layers of the splenium and genu are mainly af- 
fected, an upper and lower rim of the callosal fibers 
usually being preserved. The lesion extends laterally 
to the edges of the corpus callosum. When necrosis is 
incomplete, demyelination is found, with relative 
preservation of axons and a moderate glial reaction. 
In cases of total necrosis, both myelin and axons have 
disappeared and are replaced by an accumulation of 
macrophages and perivascular cells together with a 
variable glial reaction. The lesion is sharply delineat- 
ed. In acute cases the lesion appears in the form of a 
band of edematous necrosis with fresh coagulation. 
An upper and a lower band of normal callosal tissue 
remains. In cases of long duration, the corpus callo- 
sum is thinned and atrophic with a slit or band of de- 
myelination in the middle, most conspicuous in genu 
and splenium. Macrophages accumulate in perivascu- 
lar areas. 

Other regions of white matter are sometimes in- 
volved, including the centrum semiovale in the 
frontal, parietal, and occipital region as an extension 
of the lesion of the corpus callosum. Sometimes the 
lesion includes all the white matter up to the U fibers. 
Furthermore, the cerebellar peduncles and the anteri- 
or commissure may be affected. The fornix is thought 
never to be affected. Also, these lesions are primarily 
characterized by demyelination with accumulation of 
macrophages. In complete necrosis axons are also 
lost. The ventricles are moderately enlarged, and in 
most cases there is some cortical atrophy. There is oc- 
casionally cortical laminar necrosis and, exceptional- 
ly, necrosis of the basal ganglia. 



91 .3 Pathogenetic Considerations 

The pathogenesis of MBS is still unknown. A toxic 
factor present in cheap red wine seems to be the clos- 
est constant association, but the factor responsible 
has never been identified. It has been shown that vit- 
amin deficiencies are not important in the pathogen- 
esis, as a supply of vitamins does not prevent MBS in 
animals. There are, however, a few descriptions of the 
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Fig. 91.1. A 53-year-old man with MBS with acute onset. MRI 
on the ninth day {left image) shows contrast-enhancing lesions 
in the genu and the splenium of the corpus callosum. At 3 
weeks the images {middle and right images) show involvement 



of the middle layer of the corpus callosumjn particular in sple- 
nium and genu, but no contrast enhancement. The splenium 
and genu show cystic degeneration. From Caparros-Lefebvre 
et al. (1 994), with permission 



combination of MBS with Wernicke encephalopathy. 
Lesions of the white matter affecting the corpus callo- 
sum and anterior commissure have been described 
following chronic cyanide intoxication and chronic 
methyl alcohol intoxication. However, the patho- 
genetic similarities on the molecular level between 
MBS and these intoxications are unclear. Why the 
central layers of genu and splenium of the corpus cal- 
losum are preferentially affected in MBS remains ob- 
scure. The cause of the additional gray matter lesions, 
usually in the form of laminar necrosis of the cerebral 
cortex, has not been explained satisfactorily. The 
most attractive hypothesis would seem to be that the 
cortical necrosis is secondary to the callosal lesion, 
which leads to loss of neurons due to secondary de- 
generation. 



91.4 Therapy 

There is no effective treatment for MBS; only sympto- 
matic treatment is possible. However, it is important 
not to overlook other complications of long-standing 
alcoholism, particularly vitamin deficiencies and dis- 
turbances of electrolytes. 



91.5 Magnetic Resonance Imaging 

CT scan may show abnormality of the corpus callo- 
sum with some swelling and edema in the acute form. 
The corpus callosum lesions in the subacute or chron- 
ic forms of the disease, which are not associated with 
swelling, may be more difficult to detect on CT. Ex- 
tensive hypodense areas maybe found in the cerebral 
hemispheric white matter. Contrast enhancement 



has been described in the early stages of the disease. 
In the later stages there is atrophy of the corpus 
callosum, progressive and marked widening of 
the cerebral sulci, and dilatation of the lateral ventri- 
cles. 

The corpus callosum lesions are much more easily 
visualized by MRI (Figs. 91.1 and 91.2). The sagittal 
MR images are diagnostic: they show the typical pat- 
tern of the corpus callosum splitting into three layers, 
with relative sparing of the upper and lower layers. In 
the initial stages of the disease the corpus callosum 
appears swollen and contrast enhancement may be 
present, in particular in the genu and splenium. Cal- 
losal hemorrhage may occur in the subacute stage. 
The middle layer may become cystic in the later 
stages of the disease and the corpus callosum be- 
comes atrophic. Cerebral hemispheric white matter 
may be involved, with a less characteristic appear- 



Fig. 91.2. A 56-year-old man with MBS. The first and second 
rows of images were obtained in the acute phase.The sagittal 
T 2 -weighted images {first row) show that especially the middle 
layer of the corpus callosum is involved.The axial FLAIR images 
{second row) show the predominant involvement of the 
corpus callosum with some additional lesions in the deep 
periventricular white matter. A follow-up MRI was obtained 
50 days later {third and fourth rows). The sagittal Tt -weighted 
images {third row) show cavitation of the middle layer of the 
genu and splenium of the corpus callosum. The hyperintense 
lesions on the axial T 2 -weighted images {fourth row) are less 
conspicuous. From Yamamoto et al. (2000), with permission 
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Fig. 91.2. 
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ance. Apart from the corpus callosum, other inter- 
hemispheric commissural fibers may be involved, 
such as the anterior commissure. Cortical laminar 
necrosis and basal nuclei involvement, when present, 
can be visualized by MRI. Involvement especially of 
the putamen, in some cases even reversible, has been 
described. 

Because in nearly all patients excessive alcohol 
abuse plays a dominant role, the MRI study should 
also look for signs of other alcohol and thiamine 
deficiency-related abnormalities, such as changes in 
mammillary bodies, walls of the third ventricle and 
basal ganglia, tectum and tegmentum of the midbrain 
and pons, dentate nucleus and cerebellar cortex. 



There are many diseases that produce lesions 
in the corpus callosum, the most prominent being 
multiple sclerosis. Others are acute disseminated 
encephalomyelitis, progressive multifocal leuko en- 
cephalopathy, adrenoleukodystrophy, and mitochon- 
drial disorders. These disorders rarely produce the 
split corpus callosum pattern seen in MBS. Cyanide 
intoxication is said to present occasionally with split- 
ting of the corpus callosum. The context is then obvi- 
ously different. In most patients with MBS, the mid- 
sagittal MR image, showing the splitting of the spleni- 
um and genu of the corpus callosum into three layers, 
together with the medical history and clinical find- 
ings of MBS, lead to the correct diagnosis. 



Chapter 92 



Posterior Reversible Encephalopathy Syndrome 



92.1 Clinical Features 

and Laboratory Investigations 

Hypertensive encephalopathy may lead to reversible 
clinical symptoms including headache, nausea, vom- 
iting, altered mental functioning, cerebral blindness, 
and epileptic seizures. 

The syndrome can be present in a number of con- 
ditions characterized by hypertension: eclampsia, 
renal insufficiency, hemolytic-uremic syndrome, 
thrombotic thrombocytopenic purpura, and acute in- 
termittent porphyria. In most cases the symptoms 
and MR abnormalities will disappear with antihyper- 
tensive treatment. With or without hypertension, 
the clinical and MR pattern may also be seen in pa- 
tients undergoing anticancer therapy, bone marrow, 
or organ transplantation, using either anticancer 
medication or immunosuppressive therapy (see also 
Chap. 88). 

Because of the first reported findings on MRI and 
the transient nature of the clinical symptoms, the 
name reversible posterior leukoencephalopathy syn- 
drome (RPLS) was suggested. When it became clear 
that often gray matter was also involved, the name 
was changed into posterior reversible encephalopa- 
thy syndrome (PRES). This name has stuck so far, but 
does not cover the entire spectrum of manifestations 
of transient clinical symptoms and MRI abnormali- 
ties seen in relation to hypertensive and drug-related 
encephalopathies. 



92.2 Pathology 

Pathological descriptions are rare, as expected in a 
usually reversible disorder. Occasionally the results of 
a brain biopsy are mentioned, usually with vasogenic 
edema as the only finding. The best data have been 
obtained in eclampsia, because in the first half of the 
twentieth century the condition could be lethal. The 
descriptions give a varied picture of cerebral pathol- 
ogy, with white matter edema, most pronounced in 
the watershed areas, sometimes with pronounced 
mass effect, potentially resulting in tentorial hernia- 
tion. In addition, there may be microinfarctions, cor- 
tical petechiae, and pericapillary hemorrhages. Larg- 
er hemorrhages may occur in subcortical regions, 
deep white matter, and basal ganglia. 



92.3 Pathogenetic Considerations 

There are many theories trying to explain the nature 
and location of the lesions seen in PRES. The under- 
lying problems are complex, and it is likely that mul- 
tiple factors play a role in the pathogenesis. This point 
can be illustrated by a discussion of a few different 
underlying disorders. 

Transient symptoms of hypertensive encephalopa- 
thy were recognized clinically even in the first half of 
the twentieth century in pre-eclampsia and eclamp- 
sia. The clinical picture of pre-eclampsia consists of 
hypertension, confusion, proteinuria, and edema oc- 
curring in the second half of pregnancy. Symptoms 
vary in severity and multiorgan involvement is com- 
mon. Neurological symptoms include headache, con- 
fusion, hyperreflexia, visual hallucinations, and cere- 
bral blindness. Eclampsia is characterized by the oc- 
currence of an epileptic seizure or coma in a patient 
with a pre-eclampsia syndrome. This syndrome and 
the neurological implications have been studied ex- 
tensively. Many factors have been identified that pre- 
dispose to eclampsia, including an immunological 
maternal reaction (probably triggered by placental 
debris), dietary factors (such as deficiency of magne- 
sium, calcium, and zinc, and excess of sodium) and 
genetic factors (such as abnormal alleles for the genes 
of tumor necrosis factor-a, angiotensinogen, factor V, 
and nitric oxide synthase). The maternal response 
leads to widespread cellular dysfunction with in- 
creased capillary permeability, raised fibronectin lev- 
els, and damaged endothelium. Subsequently, coagu- 
lation abnormalities develop with increased activa- 
tion and consumption of platelets, low antithrombin 
III levels, abnormal prostaglandin levels, and in some 
cases diffuse intravascular coagulation. Endocrine 
abnormalities include activation of the renin-an- 
giotensin-aldosterone axis, abnormal catecholamine 
levels, and abnormalities of progesterone metabo- 
lism. This constellation leads to hypertension, edema, 
proteinuria, bleeding tendencies, renal dysfunction, 
liver damage, and neurological abnormalities. The 
hypertension exceeds the regulatory capacity of the 
vessel walls (muscular regulation), so that the local 
autoregulation (regulating size of the vessels and the 
admitted blood flow) depends solely on the sympa- 
thetic innervation of the vessels, which is relatively 
poor in the vertebrobasilar system. Hypertension and 
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immune-mediated endothelial dysfunction lead to 
extravasation of red cells and plasma proteins, result- 
ing in cerebral edema. Vasospasm, prostaglandin de- 
ficiency, defects in the e-NOS gene coding for nitric 
oxide synthase, and endothelial damage play a role 
in the eventual progression of the lesion to ischemia 
and infarction. Thus, in eclampsia a varied picture 
of cerebral pathology, with cerebral edema, micro- 
infarctions, cortical petechiae, and pericapillary 
hemorrhages, results in the clinical manifestations 
of headache, confusion, visual disturbances, and 
seizures. 

Reversible leukoencephalopathies predominantly 
in the posterior cerebral areas also have been de- 
scribed in the hemolytic-uremic syndrome (HUS) 
and thrombotic thrombocytopenic purpura (TTP). 
In these disorders PRES is only one of many possible 
manifestations. Both disorders are microangiopathic 
hemolytic anemias characterized by hemolytic ane- 
mia, thrombocytopenia, CNS dysfunction, fever, 
and/or renal dysfunction. HUS is usually seen in in- 
fants and children, whereas TTP more often presents 
in adults. Clinical findings include acute renal insuffi- 
ciency and encephalopathy, often with seizures, hem- 
orrhagic colitis, and upper respiratory infection. MRI 
and CT abnormalities develop over days, showing 
patchy white matter areas in the frontal, parietal, and 
occipital gray and white matter. In patients who died, 
occlusive platelet thrombi were found, primarily con- 
fined to the cortical gray matter. There was mild en- 
dothelial proliferation in the larger vessels. Capillar- 
ies showed proliferation, or "wickerwork" formation. 
Many causes have been described for HUS and TTP. 
In children hemorrhagic colitis is the most frequent 
cause; in adults, immune-mediated diseases, for ex- 
ample, systemic lupus erythematosus. HUS and TTP 
are classified as "uremic encephalopathies." The 
imaging findings maybe similar to those described in 
hypertensive encephalopathies of other origins. Most 
probably the encephalopathy is the result of more 
than one factor. In patients with severe hypertension 
it is assumed that acute increase of blood pressure ex- 
ceeds the limits of local autoregulation. Distal vessels 
and capillaries are exposed to too high a pressure and 
to hyperperfusion. This causes damage to the en- 
dothelium so that blood plasma and, in some cases, 
erythrocytes can pass the blood-brain barrier. 

Reversible encephalopathic clinical symptoms and 
lesions on MRI resembling those of PRES may also be 
seen in acute intermittent porphyria. Acute intermit- 
tent porphyria is a disorder with an autosomal domi- 
nant mode of inheritance, caused by a deficiency of 
porphobilinogen deaminase. More than 80 % of carri- 
ers never develop symptoms. Symptoms are often 
precipitated by the influence of drugs, hormones, and 
nutritional factors that change the rate of heme syn- 
thesis in the liver. Patients with acute intermittent 



porphyria present with subacute episodes of abdom- 
inal pain, vomiting, nausea, bowel distension or ileus, 
and neurovisceral and circulatory disturbances. The 
neurological problems are extremely variable and in- 
clude autonomic neuropathy, peripheral axonal neu- 
ropathy, and CNS dysfunction. In subacute attacks, 
central and peripheral neurological symptoms may 
become prominent. Patients may have seizures, visual 
hallucinations, and cerebral blindness. Bilateral le- 
sions in the parieto-occipital and posterior frontal 
lobes have been found in these patients. The lesions 
disappear after treatment. The similarity of the clini- 
cal and imaging pattern to other cases of PRES is evi- 
dent. Some of the patients have hypertension during 
these subacute episodes, but not all. It is likely that 
other factors play a role in the development of CNS 
dysfunction 

Hypertension has not been found in all patients 
with PRES. Nocturnal registration of blood pressure 
in patients with PRES without hypertension has 
shown transient rises in blood pressure, a "riser" pat- 
tern, in some patients. It remains to be proven 
whether that is the case in a significant number of pa- 
tients with PRES. 

In eclampsia, HUS, and TTP, as well as in acute in- 
termittent porphyria and other disorders in which 
PRES develops, hypertension is only one of the 
factors that play a role in the development of the 
encephalopathy. This explains why not all patients 
develop the syndrome under the same conditions. 
Autoregulation of blood flow (velocity) and flux (vol- 
ume) is dependent on local vascular wall (muscular) 
response and neuronal, sympathetic regulation. The 
predominant involvement of the parieto-occipital 
lobes, but also the involvement of brain stem and 
cerebellum, may be explained by the relative poverty 
of the sympathetic innervation of the vertebrobasilar 
vascular system. Other factors mentioned as con- 
tributing to PRES are direct toxic influences on the 
endothelium, vasoconstriction due to the liberation 
of endothelin, and the formation of microthrombi. 
What is not explained in any of these theories is the 
location of lesions in border zones, both parieto- 
occipital and frontal, suggesting temporary hypoper- 
fusion as responsible factor. 



92.4 Therapy 

When hypertension is present, treatment of the hy- 
pertension and any underlying disease may lead to 
disappearance of clinical symptoms and MR abnor- 
malities, usually within 14 days. This, of course, also 
depends on the underlying cause. In patients with 
eclampsia, delivery of the child when possible and, 
where necessary, treatment of hematological abnor- 
malities, renal disorders, and hypertension should be 
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instituted. The positive influence of magnesium sul- 
fate on the eclamptic condition has been recognized 
for many years, as has the role of pyridoxine in the 
past few decades. In patients in whom PRES is caused 
by immunosuppressive and/or chemotherapeutic 
drugs, the drug regimen has to be abandoned or 
changed. Once the treatment is stopped, further dete- 
rioration may occur for 1 or 2 weeks before improve- 
ment sets in. Complete disappearance of clinical and 
imaging symptoms and signs may occur, but residual 
damage is not rare. 



92.5 Magnetic Resonance Imaging 

In many cases of PRES and its variants CT shows hy- 
podensity in the affected areas, predominantly the 
parieto-occipital regions. In some cases hemorrhages 
are seen, related to extravasation of erythrocytes. 

MRI is more sensitive than CT and allows better 
delineation of the abnormalities, such as an invento- 
ry of all involved areas, their location in border zones, 
and the involvement of gray as well as white matter. 
Standard MR techniques, such as T x -weighted, proton 
density, T 2 -weighted, and FLAIR images demonstrate 
the lesions. FLAIR usually depicts hemorrhages fairly 
well. Gradient refocused images should be added to 
pick up microhemorrhages. Contrast enhancement 
may be seen in some of the lesions. 

The lesions are predominantly located in the pari- 
eto-occipital region. In that location they tend to- 
wards symmetry, but asymmetrical presentations are 
not rare. The splenium of the corpus callosum maybe 
involved. Usually the deep white matter is involved, 
but the overlying cortex is usually affected as well. In 
other cases the lesions are located in the parieto-oc- 
cipital and frontal border zones (Fig. 92. 1 ), suggesting 
that an episode of hypoperfusion has occurred. One 
must be aware of other presentations: PRES may af- 
fect solely the thalamic nuclei, the frontal border 
zones, the midbrain, the pons, or the cerebellum 
(Figs. 92.2 and 92.3). In the initial period some mass 
effect may be present, with secondary effects such as 
hydrocephalus. In some patients the lesions are ex- 
tensive (Fig. 92.1); in others they are much more lim- 
ited (Fig. 92.4). With treatment MRI abnormalities 
disappear completely or nearly completely in most 
patients (Figs. 92.2 and 92.5). 

Differentiation from other disorders depends on 
the location. When the border zones alone are affect- 
ed, other disorders leading to hypoperfusion must al- 
so be considered. Isolated involvement of the pons 
has to be differentiated from central pontine myeli- 



nolysis. Isolated thalamic involvement also occurs in 
deep venous thrombosis. With a protracted state of 
the lesions low-grade gliomas have to be ruled out. 
When only the midbrain, pons, or cerebellum is af- 
fected, a correct diagnosis may be extremely difficult 
and depends on careful interpretation of all MR data 
in relationship to all the available clinical data. 

Most important are the addition of diffusion- 
weighted imaging and the use of ADC maps (Fig. 
92.6). These techniques allow differentiation of areas 
with low diffusivity, which may progress to infarction, 
and areas with high diffusivity, probably representing 
vasogenic edema, which may revert to normal. Unfor- 
tunately, results reported in the literature are contra- 
dictory. Some authors report decreased diffusivity; 
others show increased ADC values, or "pseudo"-nor- 
malized ADC values, the latter, according to the 
authors, the result of intravoxel presence of both va- 
sogenic and cytotoxic edema. However, most evi- 
dence so far suggests that lesions with a high ADC, 
probably representing vasogenic edema, are re- 
versible, whereas lesions with a low ADC, represent- 
ing cytotoxic edema, are irreversible. 

Perfusion studies with SPECT and MRI have also 
shown conflicting results. Both hypo- and hyperper- 
fusion have been reported in the involved areas, as 
has diffuse hypoperfusion over the entire brain. Be- 
cause in many cases border zones are involved, one 
might expect hypoperfusion to occur at some point 
during the development of the disorder. Perhaps the 
differences in results of perfusion studies may be ex- 
plained by differences in the time elapsed between 
onset of the disorder and the time of the MR exami- 
nation. The severity and rate of development of the 
process and underlying factors may be also of impor- 
tance. 

MRS has revealed diffuse metabolic abnormalities 
in PRES, even in areas that have a normal signal on 
imaging. Reduced ratios of JV-acetylaspartate over 
choline and N-acetylaspartate over creatine, with 
high choline concentrations in the normal-appearing 
white matter have been reported. Quantification of 
the metabolites confirmed these findings: low con- 
centration of N-acetylaspartate and high concentra- 
tion of choline. After treatment MRS findings return 
to normal. Unfortunately there are also MRS studies 
reporting either no biochemical abnormalities in the 
affected areas during the acute stages of the disease, 
or no improvement of the MR spectra despite disap- 
pearance of clinical symptoms. Because most studies 
comprise a single observation or data on a small 
number of patients, it remains difficult to draw gener- 
al conclusions. 
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Fig. 92.1 . An 1 1 -year-old girl with hypertensive encephalopa- 
thy. T 2 -weighted images {first and second row) show the typical 
pattern of the posterior reversible encephalopathy syndrome 
(PRES): nearly symmetrical lesions in the parieto-occipital 
lobes and the frontal border zones. The lesions involve both 



gray and white matter. No abnormalities are seen in midbrain, 
pons, or cerebellum. On FLAIR images {third row) the lesions 
are more conspicuous, but FLAIR may be less good in depict- 
ing lesions in the posterior fossa 
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Fig. 92.2. T 2 -weighted transverse images in a 58-year-old in the midbrain and pons. These latter lesions show some 

man with hypertensive encephalopathy {first three rows). There swelling. A repeat MRI was obtained a few weeks later {fourth 

are diffuse mild white matter abnormalities in the cerebral and fifth rows) and show that with treatment all lesions have 

hemispheres, but the more important abnormalities are seen disappeared 
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Fig. 92.2. {continued). 




Fig. 92.3. Two coronal T 2 -weighted 
images of a 32-year-old pregnant 
woman with eclampsia. The left image 
shows extensive involvement of 
the parieto-occipital lobe; the right 
image shows involvement of the basal 
ganglia, predominantly on the right 
side, and of the mesial temporal struc- 
tures. After delivery and therapy an 
almost complete recovery followed 
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Fig. 92.4. In this 7-year-old girl with reflux nephropathy and hypertensive encephalopathy the T 2 -weighted images show only a 
few lesions with an asymmetrical distribution 
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Fig. 92.5. A 63-year-old woman was admitted to the intensive 
care unit with septic shock, respiratory infection, and diarrhea. 
After recovery she complained of memory problems. The up- 
per row of FLAIR images shows lesions in this phase.The lower 
row of T 2 - weighted images shows complete disappearance of 



the lesions on follow-up. The MRI findings are highly sugges- 
tive of PRES, although the causative factors in this patient are 
not known. Courtesy of Dr. E.PJ. Arnoldus, Department of Neu- 
rology, TweeSteden Hospital,Tilburg,The Netherlands 
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Fig. 92.6. The first two rows contain the FLAIR images of a the right side, and some tiny hyperintense spots in the frontal 

52-year-old man with hypertensive encephalopathy, showing border zones. The fifth and sixth rows show ADC maps with 

the common MR pattern of PRES lesions. The third and fourth a mixture of higher and lower than average values in the 

rows show Trace diffusion-weighted images (b= 1000), with involved areas 
bright spots in the parieto-occipital area, more extensive on 
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Fig. 92.6. {continued) 



Chapter 93 

Langerhans Cell Histiocytosis 



93.1 Clinical and Laboratory Findings 

Histiocytosis-X was the name initially given to a 
group of disorders with seemingly unrelated clinical 
features, but characterized by the same pathological 
finding: infiltration of the involved tissue by large 
numbers of histiocytes, often organized as granulo- 
mas. The disease was later renamed Langerhans cell 
histiocytosis (LCH), after the cell (X) was identified as 
the Langerhans cell. LCH includes eosinophilic gran- 
uloma, Letterer-Siwe disease and Hand-Schiiller- 
Christian disease. The eosinophilic granuloma in- 
volves the bone. Letterer-Siwe disease is a multiorgan 
disease in children under the age of 2 years. Hand- 
Schuller-Christian disease includes the triad of ex- 
ophthalmos, diabetes insipidus, and bone lesions. 

The second type of histiocytic disorders comprises 
non-Langerhans histiocytosis, which includes Erd- 
heim-Chester disease, isohemophagocytic lympho- 
histiocytosis, and histiocytosis with massive lymph- 
adenopathy. Erdheim-Chester disease is mentioned 
explicitly here, because it can mimic many of the 
features of brain involvement in LCH. 

The third type of histiocytic disorders comprises 
malignant histiocytosis. 

LCH can now be defined as abnormal proliferation 
of clonal, dendritic Langerhans cells, which can be 
found in lungs, bone, skin, liver, spleen, lymph nodes, 
thymus, bone marrow, brain, pituitary, and other en- 
docrine organs. In adults usually only two organs are 
involved, whereas in younger children LCH is most 
commonly a multiorgan disease. 

Primary involvement of the brain is rare in LCH. 
Patients who develop CNS disease are likely to have 
multiorgan disease, with lesions in the calvaria and 
the temporal and orbital bones. Involvement of the 
brain and related structures can be subdivided into 
four different forms: (1) involvement of the pitu- 
itary-hypothalamic structures; (2) intra- or extra-ax- 
ial granulomatous lesions; (3) abnormalities in the 
posterior fossa, in particular the cerebellopontine 
pathways; and (4) combinations of these three mani- 
festations, with overlapping symptoms. 

Involvement of the pituitary-hypothalamic struc- 
tures leads to the most common symptom of cerebral 
involvement, diabetes insipidus. Diabetes insipidus 
can precede other CNS lesions by more than 3 years. 
When diabetes insipidus occurs as isolated symptom, 
it is often referred to as Ayala disease or Gagel granu- 



loma. The symptoms and signs of pituitary-hypo- 
thalamic involvement vary widely and may include 
changes in social behavior, appetite, changes of sleep 
pattern, polyuria and polydipsia, indicating posterior 
pituitary dysfunction, and growth failure, precocious 
or delayed puberty, amenorrhea, hypothyroidism, or 
hypo cor tisolism, indicating anterior pituitary dys- 
function. 

Intra- and extra-axial granulomas cause symp- 
toms dependent on their location. The intra-axial le- 
sions can occur in many places, supra- and infraten- 
torial, and behave as space-occupying lesions. Extra- 
axial lesions may exist as a continuous extension from 
bone lesions, or they may develop as lesions from the 
leptomeninges. They may exert pressure on the brain. 
LCH may also occur in the choroid plexus. 

Involvement of structures in the posterior fossa, 
in particular the cerebellum, are, after diabetes in- 
sipidus, the second most common manifestation of 
CNS involvement in LCH, and may occur many years 
after the initial diagnosis of LCH. Lesions in the pos- 
terior fossa may consist of local granulomas, or of 
symmetrical abnormalities in the white matter of the 
hilus of the dentate nucleus and corpus medullare of 
the cerebellum. Related clinical features are ataxia, re- 
flex abnormalities, tremor, dysarthria, and dysphagia. 
Combinations of the symptoms and progression of 
the disease are not rare and may lead to severe CNS 
deterioration. 

Combinations of diabetes insipidus and cerebellar 
symptoms also occur in Erdheim-Chester disease. 
Other manifestations of this disease can also be simi- 
lar to LCH. 

Diagnosis of LCH in nearly all cases demands a 
biopsy and histological confirmation of the patholog- 
ical Langerhans cell. 



93.2 Pathology 

Histologically, the granulomatous lesions consist of a 
proliferation of clonal Langerhans cells, combined 
with an inflammatory reaction. Four stages are usual- 
ly distinguished: a hyperplastic-proliferative stage, a 
granulomatous stage, a xanthomatous stage, and a 
stage of fibrosis. Lesions in the first stage are most 
likely to show the characteristics of LCH. Electron mi- 
croscopy reveals Birbeck granules, characteristic of 
LCH. Immunostaining can be performed for the 
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S-100 protein and for CD la (OKT6) antigenic reactiv- 
ity, but these tests have a lower level of confidence. 
Histochemistry demonstrates that LCH and adjuvant 
T cell lymphocytes in lymph nodes produce high 
levels of several cytokines, including tumor necrosis 
factor-a (TNF-a), granulocyte-macrophage colony- 
stimulating factor (GM-CSF), interferon-y, and inter- 
leukins (IL)-l, -2, -3, -4, -7, and -10. In pulmonary 
lesions LCH expresses the costimulatory molecules 
B7-landB7-2. 

In the lesions in the cerebellar hemispheres no 
Langerhans cells can be demonstrated. The lesions 
are characterized by demyelination, gliosis, and loss 
of Purkinje and granular cells. 



93.3 Pathogenetic Considerations 

LCH is a proliferative disorder of mesenchymal cells, 
and can therefore only develop where mesenchymal 
tissue is present: within the CNS in the meninges, the 
adventitia of blood vessels, and among free microglial 
cells. It is unknown what triggers the transformation 
of normal antigen-presenting dendritic Langerhans 
cells into the clonal Langerhans cells that are defec- 
tive in this ability. Clonal proliferation leads to func- 
tional deficiency. One theory assumes that LCH cells 
arise from the adventitia of blood vessels, causing 
perivascular histiocytic aggregates that develop into 
larger granulomatous masses with variable portions 
of foamy histiocytes, eosinophils, microglia, lympho- 
cytes, and plasma cells. In later stages fibrosis and as- 
trocytic gliosis become dominant. Why granulomas 
have a special affinity to the pituitary and hypothala- 
mic structures remains so far an unanswered ques- 
tion. 

The symmetrical lesions located in the cerebellar 
white matter, also involving Purkinje and granular 
cells, but without Langerhans cells on histological ex- 
amination, require a separate explanation. One of the 
theories compares the cerebellar and pontine lesions 
in LCH to the cerebellar degeneration seen in parane- 
oplastic syndromes. In this paraneoplastic syndrome 
antineuronal (anti-Yu) antibodies can be demon- 
strated. The search for antibodies against cerebellar 
tissue has, however, been negative in LCH patients. 
Another theory proposes a toxic role for the high con- 
centrations of cytokines produced by LCH cells, but 
again definitive proof is lacking. 



93.4 Therapy 

Therapy in LCH with CNS involvement is dependent 
on the nature and extent of the lesion and the sec- 
ondary implications. It is important to realize that in 
some patients the lesions tend to regress sponta- 



neously with transformation to a fibroxanthomatous 
state. Such lesions lose the characteristics of LCH. The 
involvement of other organs, which is usually present, 
also needs consideration in the treatment planning. 

Surgical removal may be an option for intracere- 
bral granulomas. When the resection is incomplete 
radiotherapy is usually added. Extra- axial locations at 
the convexity, subdural or arachnoidal, are resected 
when possible. Lesions of the skull base are less suit- 
ed to radical surgical removal. Radiotherapy and 
chemotherapy are then the remaining options. In pa- 
tients with multiple lesions radiotherapy combined 
with chemotherapy may control the disease for many 
years. In patients with diabetes insipidus primary 
treatment depends on the neuroimaging findings. In 
patients with a nearly empty sella and lack of high 
signal on T r weighted MRI of the posterior part of the 
pituitary, substitution therapy is indicated. In pa- 
tients with granulomatous involvement of the pitu- 
itary-hypothalamic system, surgery, irradiation and 
chemotherapy in addition to hormonal substitution 
therapy have to be considered. Substances with favor- 
able effects on LCH are steroids, vinblastine, and 
etoposide (VP16). Etoposide is a semisynthetic epi- 
podophyllotoxin used in the treatment of malignan- 
cies of the macrophage and monocyte lineage, but al- 
so effective in LCH. It is noteworthy that etoposide 
may cause a high signal intensity of the basal ganglia 
on T r weighted MR images. 

Lesions in the cerebellar white matter not contain- 
ing Langerhans cells cause a treatment dilemma. If an 
autoimmune cause is supposed, one could expect 
benefits from corticosteroids or immunosuppressive 
therapy. If another explanation is supposed, for in- 
stance cytokine toxicity, therapy is unclear. So far no 
definite guidelines have been suggested for the treat- 
ment of the cerebellar white matter abnormalities. 



93.5 Magnetic Resonance Imaging 

MR is aimed at depicting the different possible mani- 
festations and the different stages of LCH of both the 
skull and the intracranial contents. To visualize le- 
sions of the skull, the cranial vault as well as the skull 
base, one can effectively use T r weighted images, with 
and without fat suppression, with and without con- 
trast. This can be combined with using the same T r 
weighted sequences for visualizing the intracranial 
contents, both the extra- and intra-axial structures, as 
these sequences are also effective in depicting sub- 
dural and leptomeningeal disease manifestations. 
Granulomatous LCH lesions in the skull base and 
brain will enhance after contrast injection. In addi- 
tion T 2 -weighted and FLAIR images are indicated to 
survey the intracranial contents for other manifesta- 
tions. 
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Fig. 93.1. A 65-year-old female patient with histologically 
confirmed LCH. The midsagittal, ^-weighted, contrast-en- 
hanced, fat-saturated image depicts a lesion mainly involving 
the hypothalamus 



In patients with involvement of the pituitary-hy- 
pothalamus axis, sagittal and coronal T x -weighted 
images with fat suppression, without and with con- 
trast injection, will show in some patients a partially 
empty sella and lack of the bright signal of the poste- 
rior pituitary, and in other patients a granulomatous 
lesion in the suprasellar region, around the pituitary 
stalk, with or without extension into the skull base 
and meninges (Fig. 93.1). Infundibular thickening 
and infundibular atrophy are frequent findings. Oth- 
er isolated or multifocal intracerebral lesions, for ex- 
ample LCH of the choroid plexus, or space-occupying 
lesions in the frontal, temporal, parietal, or occipital 



lobes, show up on the sequences indicated above. In 
all cases one can expect enhancement of the granulo- 
matous lesions. 

There are also two possible types of lesions in the 
posterior fossa. First of all, granulomatous manifesta- 
tions of LCH can be observed, space-occupying, en- 
hancing after contrast, and usually asymmetrical. 
Secondly, bilateral, symmetrical, confluent signal ab- 
normalities can be seen in the white matter of the 
hilus of the dentate nucleus, the corpus medullare of 
the cerebellum, and the pons (Figs. 93.3 and 93.4). The 
bilateral cerebellar lesions do not represent LCH le- 
sions, do not show mass effect, and do not enhance 
(Figs. 93.3 and 93.4). In these patients, the dentate nu- 
cleus often has a high signal on T r weighted images. 
The globus pallidus and, less often, the caudate nucle- 
us may also have a high signal intensity on T x -weight- 
ed images (Figs. 93.3 and 93.4). Within the supraten- 
torial white matter, enlarged perivascular spaces are 
frequently present. Contrast enhancement following 
a vascular pattern may be present. More prominent, 
patchy white matter abnormalities not following a 
vascular pattern may also be present. 

In Erdheim-Chester disease, a non-Langerhans 
histiocytosis, similar lesions as described for LCH 
may be seen (Figs. 93.2 and 93.5). Granulomatous le- 
sions may be found in the sellar and suprasellar re- 
gion as well as in other areas (Fig. 93.2). Progressive 
intra- axial lesions have been reported involving the 
pons, superior part of the medulla oblongata, the 
cerebellar peduncles, and areas around the fourth 
ventricles, as well as an extra-axial mass with encase- 
ment of the vertebral artery. Autopsy in one of these 
cases revealed histiocytic infiltration of the cerebellar 
pathways, in particular the base of the pons and the 
middle cerebellar peduncles. The nonenhancing sym- 
metrical bilateral lesions in the cerebellar hemi- 
spheres with clinically a progressive spastic-ataxic 
syndrome may also occur in Erdheim-Chester dis- 
ease (Fig. 93.5). 




Fig. 93.2. A 55-year-old woman 
with Erdheim-Chester disease, as 
confirmed at autopsy. The sagittal 
^-weighted image with contrast 
shows an intra- and suprasellar 
process, enlarging the sella turcica 
and reaching upward unto the optic 
chiasm. A second, extra-axial lesion is 
located anteriorly in the cranioverte- 
bral junction. Both lesions enhance 
homogeneously. The axial FLAIR 
image reveals the lesion with high 
signal intensity. From Thorns et al. 
(2003), with permission 
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Fig. 93.3. A 16-year-old male patient 
with LCH.TheTVweighted images 
{upper row) reveal high signal intensity 
in the globus pallidus.The coronal 
T 2 -weighted images {second row) of 
the posterior fossa show hyperinten- 
sity of the cerebellar white matter 
and the brain stem 
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Fig. 93.4. A 1 7-year-old boy with LCH. The upper row shows 
T 2 -weighted {left), proton density {middle), and T r weighted 
{right) images at the level of the basal ganglia. The globus pal- 
lidus has an increased signal on all these images. The second 



row shows the T 2 -weighted images at the level of the brain 
stem and cerebellum. The tracts in the midbrain and base of 
the pons as well as the cerebellar white matter display a high 
signal. From Saatci et al. (1 999), with permission 



Fig. 93.5. A 44-year-old man with 
Erdheim-Chester disease.The 
T 2 -weighted images show hyperin- 
tensity of the cerebellar white matter. 
From Weidauer et al. (2003), with 
permission 




Chapter 94 



Post-Hypoxic-lschemic Damage 



94.1 Pathogenetic Factors 

In hypoxic and ischemic conditions the supply of 
oxygen and nutrients to brain tissue is compromised. 
If this condition lasts for some time, changes occur in 
cells and tissues, eventually leading to cell death. 

The first change to occur at a molecular level is the 
replacement of the highly efficient aerobic glycolysis, 
which delivers 38 molecules of adenosine triphos- 
phate (ATP) for one molecule of glucose, by ineffi- 
cient anaerobic glycolysis with only 2 molecules of 
ATP for one molecule of glucose. Under aerobic con- 
ditions the major product of glycolysis is pyruvate, 
which is metabolized to acetyl-CoA (activated ac- 
etate), which enters the citric acid cycle. Under anaer- 
obic conditions, pyruvate is not converted into acetyl- 
CoA, but into lactate, a potentially harmful com- 
pound. 

Energy depletion leads to membrane depolariza- 
tion and disturbed transport of ions across mem- 
branes of organelles and cells. Concentration and 
voltage gradients are no longer maintained; water is 
osmotically drawn into the organelles and cells, caus- 
ing them to swell. These changes may be reversible, 
but if the hypoxic condition lasts too long, irreparable 
damage with cell death will occur. Morphologically 
this point of no return is indicated by the appearance 
of cloudy precipitations within the mitochondria. Ap- 
parent changes in the inner membrane of the mito- 
chondrion, where oxidative phosphorylation takes 
place, occur much later. 



94.2 Reperfusion Damage 

Repair of the condition that has caused the hypoxic- 
ischemic changes, with restoration of blood circula- 
tion and oxygen supply, can introduce additional 
damage in ischemic cells. This means that cells that 
are reversibly damaged are again threatened, now by 
the harmful effects of reperfusion. Two factors are as- 
sumed to play a critical role as causative agent in this 
additional damage: the calcium factor and the oxygen 
paradox. 

The concentration of Ca 2+ in blood is much higher 
than in the cell. A Ca 2+ gradient is maintained across 
the cell membrane with ATP as energy donor. Lower- 
ing of the ATP concentration leads to influx of Ca 2+ 
and Na + into the cell. Ca 2+ is first stored in organelles, 



such as the endoplasmic reticulum and mitochon- 
dria, and it is not until these are flooded that the cyto- 
sol concentration of Ca 2+ will increase. Ca 2+ is a cofac- 
tor for certain enzymes, including proteases and 
phospholipases, which will attack functional compo- 
nents of the cell such as lipids and proteins. High Ca 2+ 
levels in the cytosol are at the core of many detrimen- 
tal biochemical cascades. 

The oxygen paradox is based on the observation 
that oxygen supplied after a hypoxic episode causes 
additional damage. This is explained by the action of 
oxygen radicals. Free radicals are compounds with a 
lone electron in an outer orbital, which are, therefore, 
highly reactive. They are normally present in the mi- 
tochondrial electron transport chain of all cells and 
are kept under control by physical and chemical cou- 
pling. The defense mechanisms against the toxic ef- 
fect of oxygen radicals include a low oxygen pressure 
at the cellular level, and enzymatic decomposition of 
oxygen radicals by enzymes and scavengers, such as 
superoxide dismutase and catalase, as well as antioxi- 
dants, such as a-tocopherol (vitamin E) and ascorbic 
acid (vitamin C). The latter compounds are fat-solu- 
ble and water-soluble, respectively. Superoxide dis- 
mutase snatches away the superoxide ion; catalase 
counteracts the effects of hydrogen peroxide. Howev- 
er, under conditions of hypoxia-ischemia, and in par- 
ticular after restoration of oxygen supply, these de- 
fense mechanisms may be overwhelmed. One of the 
cascades that then become active is the xanthine oxi- 
dase reaction. Under anaerobic conditions, ATP is 
broken down in larger than usual quantities via ADP 
to AMP, to inosine and hypoxanthine, and finally to 
uric acid under the enzymatic influence of xanthine 
dehydrogenase. The raised Ca 2+ concentration in the 
cytosol activates proteases, which convert xanthine 
dehydrogenase into xanthine oxidase, thereby pro- 
ducing a superoxide anion (O*). Superoxide anions, 
once formed from this xanthine oxidase system, react 
with iron salts to form perhydroxyl radicals (OH*). 
This chemical process is described as the superoxide- 
driven, iron-promoted Haber-Weiss reaction. This 
reaction occurs when free Fe 2+ is present: under hem- 
orrhagic conditions or in structures whose natural 
iron content is high. Targets for the perhydroxyl radi- 
cals are polyunsaturated fatty acids, compounds that 
are highly vulnerable to peroxidation. Polyunsaturat- 
ed fatty acids reside in the midzone of biomem- 
branes, spatially separated from the site of generation 
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of active oxygen. Under hypoxic-ischemic condi- 
tions, with activation of Ca 2+ -dependent enzymes in 
the cells, in particular proteases and phospholipases, 
this is no longer the case. The polyunsaturated fatty 
acids in the cell membrane come under attack and be- 
come new sources of oxygen radicals. The superoxide 
anion withdraws a proton from a polyunsaturated fat- 
ty acid, creating a lipid with an unpaired electron. This 
newly created lipid radical (L*) reacts with 0 2 (reper- 
fusion) and forms a lipid peroxyl radical (LOO*). This 
compound will withdraw a proton from a nearby 
polyunsaturated fatty acid, creating a new radical and 
initiating a chain reaction. Iron plays a very important 
catalytic role in lipid peroxidation. In a normal adult 
about 4g iron is present in hemoglobin. Myoglobin 
contains 10% of total body iron and a small part is 
present in enzymes and in the transport protein trans- 
ferrin. The remaining iron is found in storage proteins 
such as ferritin. Free iron is not usually present in pe- 
ripheral blood. Iron from ferritin is liberated at pH 
values lower than 6, which may occur under condi- 
tions of severe hypoxia. Superoxide anions are also ca- 
pable of dissociating the iron-ferritin complex. Lipid 
peroxyl radicals can even dissociate iron from hemo- 
globin molecules. Hemorrhagic conditions, such as 
hemorrhagic infarctions, infections, contusions, and 
subarachnoid hemorrhages, create the optimal envi- 
ronment for these deleterious reactions. 

In the formation of free radicals the polyunsaturat- 
ed fatty acid arachidonic acid, abundant in cell mem- 
branes, has a special place. Arachidonic acid is metab- 
olized by at least three enzymes: cyclooxygenase, 
lipoxygenase, and cytochrome P-450 oxygenase. All 
three pathways are capable of producing superoxide 
radicals. The cyclooxygenase pathway leads to the 
formation of prostaglandins and thromboxanes, 
which influence, amongst others, the microcircula- 
tion. The lipoxygenase pathway leads to the forma- 
tion of leukotrienes, which may induce edema and 
necrosis and further inhibit microcirculation. Cy- 
tochrome P-450 oxygenase leads directly to the for- 
mation of oxygen radicals. There is interaction at 
each level of the components of this cascade, leading 
to either stimulation or inhibition of effects of the 
other components. 

Free radicals are formed by many other mecha- 
nisms. They can be formed by membrane-bound 
enzymes on the surface of neutrophils and phago- 
cytes, which are activated by endotoxins from bacte- 
ria, or by cytokines, inducing the so-called oxygen 
burst of phagocyte membrane compounds in the 
acute phase of infections. 

Nitric oxide (NO*) is a reactive free radical, which 
can inhibit mitochondrial respiration. It is one of the 
major defense molecules against microbes and malig- 
nant cells. It has recently been reported to act as a 
highly unorthodox messenger molecule within the 



CNS and there is evidence that it may contribute to 
excitotoxicity. It is a simple molecule which is synthe- 
sized from L-arginine by the enzyme nitric oxide syn- 
thase. Nitric oxide synthase is present in endothelial 
cells. There are several isoforms and the neuronal iso- 
form is activated by high cytosol Ca 2+ . Once formed, 
nitric oxide diffuses to neighboring cells and reacts 
with guanylate cyclase, inducing the formation of 
cyclic guanosine monophosphate from guanosine 
triphosphate. Cyclic guanosine monophosphate in- 
fluences the relaxation of smooth muscles, including 
blood vessels. Nitric oxide preferentially combines 
with superoxide anions when present, leading to the 
formation of highly reactive peroxynitrite, which 
causes cell damage. The resulting drop in cyclic 
guanosine monophosphate leads to vasoconstriction. 
On the other hand, nitric oxide can be changed to a 
chemical state that has the opposite effect, i.e., a pro- 
tective effect. In the presence of electron donors such 
as ascorbate or cysteine, nitric oxide becomes ni- 
trosonium ion (NO + ), which binds to a regulatory site 
on the most prominent receptor of excitatory amino 
acids, resulting in decreased activity of this receptor. 
The deleterious action of free radicals, as mentioned 
before, is dependent on the presence of oxygen. 
Therefore, most of the damage occurs during reperfu- 
sion after ischemia. The capacity of tissue to neutral- 
ize free radicals is called the antioxidance capacity. 
During ischemia and reperfusion, this capacity de- 
creases rapidly. The decrease is greater in experi- 
ments in which some blood is still perfusing the is- 
chemic area than when the oxygen supply is totally 
arrested. This is understandable because the presence 
of oxygen is needed for free radical damage to occur. 
The recognition of the harmful effects of free rad- 
icals has induced a worldwide search for counteract- 
ing compounds. Several pharmaceuticals are under 
consideration as cerebroprotective agents. Free radi- 
cal scavengers are used to diminish negative effects of 
cranial trauma or cerebral hypoxia. Substances such 
as vitamin E, N- acetylcysteine, and dimethylsulfoxide 
are used for this purpose. Vitamin E works by offering 
a competitive binding site to superoxide anions. Al- 
lopurinol counteracts the effects of xanthine oxidase, 
and is effective in diminishing the influence of one of 
the cascades. The 21 -amino steroids (lazaroids) have 
been proven to be potent inhibitors of lipid peroxida- 
tion. Calcium entry blockers are considered to pre- 
vent high Ca 2+ concentrations in the cytosol and in- 
hibit the formation of Ca 2+ -dependent enzymes. Not 
all newly conceived drugs have met the theoretical ex- 
pectations. Often, of course, in clinical situations the 
therapy starts when most of the damage has already 
been done. Moreover, the processes behind post-hy- 
poxic-ischemic encephalopathy are complicated. And 
also: free radicals are not the only factors that have to 
be taken into account. 



716 Chapter 94 Post-Hypoxic-lschemic Damage 

94.3 Excitatory Amino Acids 

Overstimulation of neurons by excitatory amino 
acids (EAAs), in particular glutamate and aspartate, 
can lead to cell dysfunction and, eventually, neuronal 
death. EEAs serve as excitatory neurotransmitters, as 
opposed to inhibitory neurotransmitters, of which 
y-aminobutyric acid (GABA) is the most prominent. 
These amino acids play a role in the normal messen- 
ger system of the CNS. Under normal circumstances 
the potentially harmful accumulation of EAAs is pre- 
vented from happening. After conversion from gluta- 
mine, glutamate is released in the synapse, making 
contact with glutamate-responding receptors. On the 
distal side of the synapse, glutamate is broken down 
to glutamine, which re-enters the presynaptic side, or 
is taken up by a glutamate transporter into a nearby 
astrocyte for further transformation. The ensuing 
neuronal depolarization is very short-lived. This glu- 
tamate reuptake chain is energy-dependent. In ener- 
gy-deprived conditions glutamate accumulates in the 
extracellular space and causes neuronal overstimula- 
tion. There are several mechanisms leading to abnor- 
mal glutamate accumulation. For example, the role of 
the glutamate transporter in the astrocyte may be 
compromised, because of the collapse of the gradients 
for Na + and K + across the cell membrane. Its function 
may even be reversed and the transporter may be- 
come a source of extracellular glutamate. Or, in case 
of cell injury, glutamate may leak out of damaged 
cells. Every cell contains enough glutamate to cause 
damage to many neighboring cells. 

Further analysis of the excitatory synapses reveals 
that at least three types of glutamate receptor can be 
distinguished. The EAA receptors are classified ac- 
cording to their typical agonists: JV-methyl-D-aspar- 
tate (NMDA), quisqualate (QA), kainate (KA), and 
2-amino-4-phosphonobutyrate (AP 4 ). Each class of 
receptor has distinct pharmacological properties and 
anatomical distribution. The NMDA receptor is the 
best understood. It contains an NMDA recognition 
site and a cationic ionophore, allowing Na + and Ca 2+ 
to enter the cytosol. Other sites are an Mg 2+ binding 
site and a Zn 2+ binding site, probably for noncompet- 
itive inhibition of the ionophore. A glycine site has al- 
so been recognized for positive allosteric modulation 
at the receptor site. Agonists and antagonists of each 
of these sites are known. For example, agonists for 
the NMDA site are L-glutamate and L-aspartate; an 
antagonist is carboxypiperazine propyl 1-phospho- 
nate. At the ionophore site antagonists are phencycli- 
dine, imine maleate (MK 801), ketamine, and dex- 
tromethorphan. At the glycine site, glycine and D-ser- 
ine are agonists; kynurenate is an antagonist. 

Agonists and antagonists for the quisqualate and 
kainate receptors have also been identified. They are 
directly involved in the regulation of Ca 2+ and Na + 



concentration in the cell. These non-NMDA receptors 
open channels to allow Na + and Cl~ into the cell under 
anoxic conditions, passively causing the entrance of 
H 2 0 and cell edema. 

The action of these EAA receptors is fundamental 
in the concept of excitotoxicity. Effects of overstimu- 
lation by EAAs have been considered to play a role in 
many different neurological disorders, for example, in 
epilepsy, hypoglycemia, trauma, AIDS dementia com- 
plex, Huntington chorea, amyotrophic lateral sclero- 
sis, toxic encephalopathies, and perhaps Alzheimer 
disease, making the described mechanism a "final 
common pathway" of neuronal injury. 

Evidence has been provided to support the concept 
that in vivo high levels of endogenous EAAs, such as 
glutamate and aspartate, also play a critical role in 
brain damage caused by hypoxic-ischemic insults. As 
has already been stressed, glutamate reclaim after the 
synaptic release is highly energy-dependent. In low- 
energy states glutamate accumulates in the extracel- 
lular spaces, leading to neuronal overstimulation with 
excessive anionic and cationic fluxes and, in the acute 
phase, to intracellular edema and osmotic lysis, which 
may be the cause of instant cell death. Resulting high 
concentrations of Ca 2+ in the cytosol contribute to de- 
layed cell death. In vitro tests have shown that these 
two processes, the osmotic instant lysis and the de- 
layed Ca 2+ -dependent neuronal death, can be separat- 
ed by manipulating the conditions. The possibility 
of preventing each type of damage by different bio- 
chemical environments also confirms this difference. 
This knowledge is potentially of use in therapeutic in- 
terventions. 

Antagonists of EAAs have been tested in cell cul- 
tures, animal experiments, and clinical trials of their 
"cerebroprotective" properties. In the clinical tests, es- 
pecially, the results so far have been disappointing. 
This may be because the whole process is extremely 
complicated and an antagonist interferes somewhere 
in this complex process with unexpected reactions 
and effects, or because there is insufficient passage 
through the blood-brain barrier, or because the ad- 
ministration of drugs in humans usually occurs when 
the damage has already been done. 



94.4 Patterns of Morphological Changes 
of White Matter in Hypoxic-Ischemic 
Encephalopathy 

Hypoxemia, a reduced oxygen content of the arterial 
blood, occurs clinically in many conditions, including 
asphyxia, severe pulmonary failure, respiratory insuf- 
ficiency, arrest, and incorrect anesthesia. Ischemia or 
oligemia is a reduction in blood flow. This condition 
exists where arteries are occluded, in exsanguination, 
and in cardiac arrest. Hypoxia, ischemia, and hypo- 
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glycemia have the same effect on the brain. Neurons 
are usually most susceptible, but there is also a hier- 
archy of vulnerability within the group of neurons, as 
is discussed in the chapter on selective vulnerability 
(Chap. 3). Under certain conditions, however, for ex- 
ample an early stage of development, white matter 
may be more vulnerable than gray matter. This is par- 
ticularly the case in preterm infants. 

Several patterns of morphological post-hypoxic- 
ischemic damage can be distinguished: 

1. Focal lesions, the distribution of which depends at 
least in part on vascular patterns: 

(a) Arterial territorial pattern. If the perfusion 
through one major artery fails, the territory 
supplied by this artery is compromised. The 
initial cytotoxic edema affects all structures, 
gray and white. 

(b) The arterial border zone pattern, due to dimin- 
ished perfusion, mostly leads to changes in the 
parietal region, or along the frontal parasagit- 
tal border between middle and anterior cere- 
bral arteries. Other border zones may, howev- 
er, also be involved. 

(c) Focal symmetrical abnormalities occur prefer- 
entially in the basal ganglia in patients with 
chronic hypertension and concurrent vascular 
changes. Etat lacunaire is the ancient denota- 
tion of a condition in which multiple small, 
old, cystic infarcts are seeded throughout the 
basal ganglia, leading to a highly characteristic 
appearance. This condition is difficult to sepa- 
rate from the etat crible (cribriform atrophy) 
caused by the widening of the Virchow-Robin 
spaces around tortuous vessels. 

(d) Periventricular leukomalacia occurs in older 
patients in subcortical arteriosclerotic en- 
cephalopathy, also referred to as Binswanger 
disease. Periventricular leukomalacia also oc- 
curs in prematurely born infants. 

2. Lesions due to generalized hypoxia-ischemia: 

(a) Cortical and subcortical gray matter damage. 
Typical involvement of the "topistic" areas as 
described by Vogt and Vogt (1937) is the result 
of generalized hypoxia-ischemia. Morpho- 
logically changes occur in the most vulnerable 
areas, resulting in cortical laminar necrosis, 
Sommer's sector necrosis (hippocampus necro- 



sis), striatum necrosis, and Purkinje cell necro- 
sis. At least two factors are involved in this se- 
lective involvement of particular brain struc- 
tures. First the distribution of excitatory amino 
acid receptors is important. The differences in 
concentration of EAA receptors can lead to 
focal damage in areas with higher receptor 
density. These areas are to a large extent the ar- 
eas involved as mentioned above. Secondly, a 
role is also played by reperfusion damage and 
free radical action. As has been explained, 
the Haber- Weiss reaction occurs especially in 
areas with a high iron concentration, including 
the thalamus, globus pallidus, substantia nigra, 
and several cortical layers. 

(b) Specific involvement of zones of active myelina- 
tion. Following asphyxia in term-born neo- 
nates, lesions are frequently seen in the dorsal 
part of the putamen, the ventrolateral nucleus 
of the thalamus, and in the hippocampus. They 
are often combined with damage in the white 
and gray matter bordering the central sulcus, 
leading to local atrophy and sclerotic ulegyria. 
The explanation for the vulnerability of these 
affected areas at this time is the active myelina- 
tion taking place at term in these areas, with 
high chemical turnover and high regional 
blood flow. 

(c) Diffuse white matter injury. In delayed post- 
hypoxic-ischemic demyelination there is usu- 
ally diffuse involvement of all the white matter. 
This is seen in rare cases after cardiac arrest, 
errors in anesthesia, and in toxic encephalo- 
pathies, in particular after carbon monoxide 
and cyanide poisoning. The same pattern is 
seen in diffuse white matter injury after irradi- 
ation and chemotherapy, in which diffuse vas- 
cular changes play an intermediary role. 

3. Miscellaneous lesions affecting both gray and 
white matter: 

A number of congenital conditions such as en- 
cephalo clastic schizencephaly, hydranencephaly, 
and porencephaly are probably the result of hy- 
poxic-ischemic conditions during pregnancy. 
The conditions that primarily lead to white matter 
changes will be discussed in separate chapters. 
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95.1 Clinical Features 

and Laboratory Investigations 

Periventricular leukomalacia (PVL) is a post-hypox- 
ic-ischemic leuko encephalopathy resulting from pre- 
or perinatal hypoxic-ischemic insults. Little (1861) 
was the first to describe the clinical picture of the con- 
dition. It occurs in particular in preterm neonates 
with a gestational age of 32-36 weeks. Major risk fac- 
tors are prematurity and intrauterine infection. Be- 
fore that time, at a gestational age of 28-32 weeks, ger- 
minal layer, intraventricular, and intraparenchymal 
hemorrhages predominate. PVL is rarely seen in term 
neonates; if present, it is often in combination with 
cardiac disorders, intrauterine growth retardation, or 
any other sign of intrauterine incidents. There is a 
distinct relationship between PVL and the clinical 
concept of "cerebral palsy," although it should be real- 
ized that the concept of cerebral palsy comprises all 
infants with a stable handicap which occurred before 
the age of one year. The increasing technology in 
neonatal medicine has made it possible to keep more 
premature infants alive. As a consequence, PVL as a 
cause of cerebral palsy has increased in relative fre- 
quency. 

The typical location of PVL in the periventricular 
region, interfering with the corticospinal tracts of the 
legs more than of the arms, is responsible for the re- 
sulting spastic diplegia, tetraplegia (legs more severe- 
ly affected than arms), or hemiplegia (leg more se- 
verely affected than arm). Patients with motor dis- 
ability and PVL have a relatively high incidence of 
seizures. Epilepsy in patients with PVL is associated 
with multiple seizure types. Mental development is 
relatively better preserved than motor development, 
although there is increasing evidence that there are 
also cognitive deficits in PVL. Extension of the leuko- 
malacia into the optic radiation may lead to cortical 
blindness or, more often, delayed visual maturation. 
The CNS manifestations of PVL take 1 or 2 years to 
show the full clinical impact. 

In older preterm infants the white matter damage 
tends to have a more peripheral, subcortical location. 
This condition is known as subcortical leukomalacia 
(SCL). In fact, PVL and SCL form a continuum, and 
SCL as a rule includes periventricular white matter 
damage. Clinically, so-called SCL leads to a more se- 
vere handicap than PVL. The children have spastic 
tetraplegia, are mentally more severely retarded, and 



often have epilepsy. Delayed visual maturation and 
cerebral visual failure are usually present. 

A third group of neonates develop a multicystic 
encephalopathy (MCE). Patients with MCE are more 
often born at term than preterm. In the majority of 
the children the clinical signs of a devastating en- 
cephalopathy are unexpected. The typical clinical 
course usually includes initially not very alarming 
signs of fetal distress, such as prolonged bradycardia 
or meconium- stained amniotic fluid, followed by 
moderate starting problems after delivery and rapid 
partial recovery. Several hours later a devastating 
encephalopathy develops, characterized by lowered 
consciousness, seizures and, on ultrasound, general- 
ized cerebral edema. These patients have a very poor 
outcome, with microcephaly, severe developmental 
retardation, spastic tetraplegia, visual handicap, and 
seizures. 

A special clinical picture is seen as the result of 
acute profound hypoxia-ischemia in term or post- 
term babies. In the course of the first year of life an ex- 
trapyramidal movement disorder becomes apparent 
with choreoathetosis, dystonia, and orobuccolingual 
dyskinesia in combination with variable spasticity 
and variable mental retardation, although mental ca- 
pacities are often better preserved. The motor handi- 
cap is usually very severe, the combination of ex- 
trapyramidal and pyramidal abnormalities leading to 
serious impairment of intentional movements. This 
clinical picture is associated with lesions of the basal 
nuclei and the central, perirolandic cortical and sub- 
cortical area. A similar clinical condition may occur 
in preterm neonates, when they undergo a similar 
episode of acute profound hypoxia-ischemia, but the 
central cortical and subcortical areas are not similar- 
ly involved, probably due to the state of myelination in 
the preterm born infants. 

It is estimated that post-hypoxic-ischemic en- 
cephalopathy is the cause of 90% of cases of cerebral 
palsy. For decisions on how to proceed with the treat- 
ment of a very sick patient in the neonatal intensive 
care unit, it is extremely useful to be able to predict 
the outcome of damage at an early stage. For the pre- 
diction of the outcome of pre- and perinatal injury 
one has to rely in the early phase on clinical sympto- 
matology and paraclinical test results available at 
the time. A classification of the severity of post- 
hypoxic-ischemic encephalopathy was proposed by 
Sarnat and Sarnat (1976) for neonates with a gesta- 
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tional age of over 36 weeks. This classification, based 
on clinical and EEG findings, has been shown to have 
prognostic significance and is the standard of clinical 
scoring in neonatal intensive care unit in infants with 
post-hypoxic-ischemic encephalopathy. Stage I usu- 
ally occurs during the first 24 h of life and is charac- 
terized by jitteriness, a state of irritability, hyperalert- 
ness, sympathetic nervous system preponderance, 
uninhibited reflexes, and a normal EEG. Stage II 
consists clinically of hypotonia, lethargy, or obtun- 
dation for at least 12 h after birth, strong distal flex- 
ion, parasympathetic predominance, and multifocal 
seizures. EEG displays periodicity, sometimes preced- 
ed by continuous delta wave activity. The period be- 
tween 48 and 72 h is critical, during which the en- 
cephalopathy either worsens or improves. Stage III is 
characterized by suppression of brain stem and auto- 
nomic functions, stupor or coma, and generalized 
flaccidity. Mechanical ventilation is necessary. The 
EEG is isoelectric or shows a burst-suppression pat- 
tern. Persistence of stage II for less than 5 days and 
absence of entry in stage III are associated with favor- 
able outcome. Entry into stage III, failure of the EEG 
to return to normal, or persistence of stage II for 
longer than 7 days predicts a poor neurological out- 
come. 

In a large cohort, including 1807 preterm (32-36 
weeks gestational age) and very preterm (25-32 
weeks gestational age) infants it was shown that there 
was a significant inverse relationship between umbil- 
ical cord pH and base excess values and subsequent 
adverse outcome for infants delivered preterm (Vic- 
tory et al. 2003). Determination of CSF lactate levels in 
150 nonasphyxiated and 46 asphyxiated neonates 
showed a significant relationship between elevated 
lactate levels, fetal distress, and APGAR scores and 
seems to be an objective way of assessing the severity 
of cerebral hypoxia (Mathew et al. 1980). 

Abnormal VEP and SSEP results carry some nega- 
tive prognostic value. 

Ultrasound (US), being versatile and a bedside ex- 
amination, is the imaging modality of first choice in 
the neonatal intensive care unit. It can help to identi- 
fy areas of hyperechogenicity located around the 
trigonum or the frontal horns with onset 3-7 days 
after the hypoxic-ischemic incident. This hypere- 
chogenicity is either transient or progresses to cysts 
in about 7-14 days. This time delay is also reported in 
histological studies. US can be helpful in demonstrat- 
ing SCL, depending on the type of equipment. US is 
also helpful in demonstrating germinal layer hemor- 
rhage, intraventricular hemorrhage, ventricular di- 
latation, intraparenchymal hemorrhage, focal infarc- 
tions, porencephalic cysts, and lesions in the basal 
ganglia. An important acquisition is the ability to 
measure flow velocity and pulsatility index in major 
cerebral vessels with the Doppler ultrasound tech- 



nique. A lowered pulsatility index is associated with 
more severe post-hypoxic-ischemic encephalopathy, 
although the overlap with normal is rather large. 

Near-infrared spectroscopy is a method with po- 
tential to measure changes in the oxy-deoxyhemo- 
globin ratio in the brain and to estimate cerebral 
blood flow. The method has the advantage of being 
bedside and providing continuous information. 
There is, however, only a limited window available, 
because of interference with the skull. The method is 
in clinical use in some intensive care units and in re- 
search settings. 

PET studies have occasionally been used to deter- 
mine the metabolic rate and the cerebral blood flow 
of the various brain regions. This is rather a research 
than a clinical tool for post-hypoxic-ischemic en- 
cephalopathy in neonates. 

Clinical signs, EEG, US, and evoked potentials are 
of the highest importance as predictors of the out- 
come of perinatal asphyxia in the acute stage, espe- 
cially in those newborns that require intensive treat- 
ment to survive. In early stages of post-hypoxic-is- 
chemic damage special MR techniques, including dif- 
fusion-weighted imaging and MRS, have proved to be 
of great importance in the prediction of outcome. In a 
later phase the extent of lesions on MRI, in particular 
the presence of subcortical damage, glial retraction, 
and ulegyria, the presence of secondary phenomena, 
such as atrophy and hydrocephalus, and the distur- 
bance of myelination are helpful in predicting the de- 
gree of future disability. 



95.2 Pathology 

PVL was described histological for the first time in 
1867 by Virchow and in 1868 and 1873 by Parrot. They 
described "pale" infarcts in the periventricular white 
matter as yellowish or chalky plaques, 1-6 mm in di- 
ameter, 1-15 mm from the ependymal surface of the 
lateral ventricles. Softening of the plaques forms cav- 
ities filled with a milky fluid. The most common lo- 
calizations are the area anterior to the frontal horn, 
the superolateral angles of the lateral ventricles, the 
peritrigonal area, and the area around the occipital 
horns. 

Microscopically the lesions initially show coagula- 
tion necrosis, with nuclear pyknosis and sponginess 
of the tissue. Astrocytic proliferation at the borders 
sets in after a few days and varicose axon swellings 
develop. Microglia proliferate and lipid-laden macro- 
phages accumulate. The organizing lesions are delin- 
eated by active gliosis. Cavitation forms within a few 
weeks. The cavities are lined by fibrillary glial scar tis- 
sue. Swollen axons mineralize quickly and persist for 
many months. Most of the infarcts are ischemic and 
lack hemorrhage. Vascular- occlusive changes are usu- 
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ally absent. Occasionally hemorrhages are found with 
a distribution similar to that of the leukomalacia. 
They are due to secondary hemorrhages into periven- 
tricular infarcts. Under certain circumstances these 
hemorrhages can become massive. 

The severity of the gliotic reaction and its extent 
depend on age. Before 24-28 weeks gestational age, 
the immature brain cannot fully respond to insults 
with astrogliosis. In premature neonates of 28-32 
weeks gestational age, gliosis is usually limited to 
the periventricular area (PVL). In older premature 
neonates gliosis extends more often into the subcorti- 
cal area (SCL). This subcortical extension of the gliot- 
ic lesion is probably related to both gestational age 
and the severity of the hypoxic-ischemic insult. If 
subcortical cysts develop and the child dies during 
this stage, multicystic subcortical degeneration is 
found at autopsy. If the child survives, the cysts usual- 
ly disappear and gliotic scarring occurs with retrac- 
tion of white matter deforming ventricular system 
and cortex. The distribution of these lesions follows a 
pattern parallel to the periventricular area, closer to 
the cortical lining, extending from the frontal to the 
occipital region. The scars of PVL and SCL remain 
visible throughout life. The residual lesions of PVL 
are characterized by irregular borders of the ventri- 
cles, where periventricular cysts have made contact 
with the lumen of the ventricles, with glial retraction 
often at the level of the trigonum, focal loss of white 
matter, and deep sulci abutting the walls of the ventri- 
cles. In the case of SCL, glial retraction disfigures the 
centrum semiovale and causes crowding of gyri, 
eventually leading to parietal and occipital ulegyria 
(= sclerotic polymicrogyria). 

In term neonates the pattern of damage is differ- 
ent. The post-hypoxic-ischemic lesions occur prefer- 
entially in a triangular area in the parasagittal, corti- 
cal, and subcortical region bordering the sulcus cen- 
tralis. The resulting gliotic scar has a typical triangu- 
lar shape with retraction of the parietal cortex, 
leading to local ulegyria. This is often combined with 
lesions in the dorsal part of the putamen and the ven- 
trolateral part of the thalamus. The hippocampus 
may also be involved. The nuclei of the brain stem and 
the dentate nucleus may also be affected in this con- 
dition, and pontosubicular necrosis, a histological en- 
tity, could also fit into this gamut of post-hypoxic-is- 
chemic damage of the term neonate. 

Histopathology in MCE reveals multiple cystic 
cavities in the white matter, extending from the ven- 
tricular wall to the inner cortex, affecting frontal, 
parietal, and occipital lobes. Septa bridge the cyst 
walls. The medial and lateral parts of the temporal 
lobes are usually spared. Some convolutions are 
shrunken, and ulegyric regions are present. The later- 
al ventricles are dilated, but do not communicate with 
the cysts. The corpus callosum and fornix may be re- 



markably thinned. Softening of the putamen, globus 
pallidus, and lateral thalamus may be present. There 
are foci of necrosis involving different levels of the 
brain stem down to the lower medulla. The spinal 
cord is not involved. Microscopically intensive gliosis 
and the presence of fat-laden macrophages are seen 
in the walls of the cysts. In the basal ganglia symmet- 
rical necrotic changes are apparent: the neuropil is 
destroyed and few neurons remain. Scattered calcifi- 
cations and encrusted neurons are seen in the cere- 
bral cortex and basal ganglia. In the cerebellum there 
is loss of Purkinje cells, many of which are swollen, 
with cactus-like dendrites in the molecular layer. 



95.3 Pathogenetic Considerations 

PVL and germinal-layer-related hemorrhages are 
considered to be due to hypoxic-ischemic insults of 
the preterm neonate, occurring in the pre-, peri-, or 
postnatal period. Age seems to be the pathoplastic 
factor. The incidence of germinal-layer-related hem- 
orrhage is highest before the 32nd week of gestation- 
al age; the highest incidence of PVL lies between the 
32nd and 36th week of gestational age, but there cer- 
tainly is an overlap, and both conditions may be pre- 
sent at the same time. Both conditions are rare in 
neonates born at term. The high incidence of germi- 
nal-layer hemorrhage before the age of 32 weeks' ges- 
tation can be explained by the presence of the germi- 
nal layer up until that time. After the 32nd week of 
gestation the germinal layer rapidly disappears. This 
germinal layer or matrix layer is considered to be the 
nurturing bed for the neuronal and glial cells of the 
developing brain. It is extremely well vascularized, 
whereas the vascular channels have thin endothelial 
walls without supportive tissue. The germinal layer 
therefore bleeds easily. A hemodynamic contribution 
comes from the pressure-passive cerebral blood flow 
in stressed premature children, causing a direct de- 
pendency of the cerebral blood flow on the systemic 
blood pressure and blood flow. The existence of a 
patent ductus arteriosus (ductus Botalli) and its 
drug-induced (indomethacin) closure can have a 
profound influence on the cerebral circulation, as it 
lacks the regulatory mechanism to buffer these 
changes. Another important factor is the immaturity 
of the lung, which requires mechanical ventilation 
with high pressures leading to indirect changes in the 
blood pressure. All these factors explain the relative 
high frequency of development of germinal-layer he- 
morrhage in early preterm babies. The hemorrhages 
potentially break through into the ventricles, which 
may or may not expand. Under certain conditions 
there is also a breakthrough of hemorrhage into the 
parenchyma. The intraparenchymal hemorrhages 
have a poor prognosis. There is growing evidence that 
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intraparenchymal extension of the hemorrhage oc- 
curs in tissue that has already suffered from hypoxia. 
In other words, the hemorrhage occurs in infarcted 
tissue, usually a venous infarction. 

In explaining the selective vulnerability of white 
matter in P VL and SCL, multiple risk factors probably 
play a role. There are three major factors in the selec- 
tive vulnerability of the periventricular white matter 
in premature infants: the incomplete state of develop- 
ment of the vascular supply to the cerebral white mat- 
ter; the maturation-dependent impairment in regula- 
tion of cerebral blood flow; and the maturation-de- 
pendent vulnerability of the oligodendroglial precur- 
sor cells. The first two factors are the underlying 
cause of susceptibility to ischemic factors. Arterial 
end zones and border zones around the ventricles are 
defined by branches of arteries penetrating the cere- 
bral wall from the pial surface and arteries from the 
choroid plexus penetrating the ventricular wall. Pres- 
sure-passive cerebral blood flow in stressed prema- 
ture children causes a direct dependency of the cere- 
bral blood flow on the systemic blood pressure and 
blood flow, hypotension leading to decreased cerebral 
perfusion. It has been shown that oligodendroglial 
precursor cells are highly vulnerable to attacks by free 
radicals, which are generated by the cascade of events 
in ischemia-reperfusion events. Mature oligoden- 
droglia are more resistant to this type of insult. The 
presence of intraventricular and intraparenchymal 
blood is a risk factor. In free radical attacks the pres- 
ence of oxygen and free iron is an important catalyst 
for the Haber- Weiss reaction and the formation of 
the perhydroxyl radicals, and the subsequent process 
of lipid peroxidation. Iron is present in hemorrhagic 
tissue. Fe 2+ can be liberated from ferritin when the pH 
value is lower than 6. Iron is also actively acquired 
during the differentiation of oligodendroglia. In the 
ischemia-reperfusion cascade elevation of extra- 
cellular glutamate, contributing to excitotoxicity, is a 
factor contributing to tissue damage. Cytokines re- 
leased in the presence of maternal (antenatal) and 
fetal or neonatal infection contribute to the tissue 
damage. Hypocarbia leading to vasoconstriction has 
been shown to be a contributing factor to the white 
matter damage in premature neonates. This finding is 
of clinical importance, since premature children with 
respiratory distress supported by artificial ventilation 
are at risk of developing hypocarbia. Detailed knowl- 
edge of all the pathogenic factors active in this field is 
essential to pave the way for interventions and treat- 
ment regimes. 

The pathophysiology of encephalopathy in prema- 
turely born neonates differs in many aspects from 
that of term-born neonates. In the postnatal period, 
the preterm neonate with a low birth weight and im- 
mature organs is going through an extremely stress- 
ful period, in which the baby depends on a special en- 



vironment, monitoring, and life support measures. 
These include artificial ventilation, administration of 
surfactant, gastric tube feeding, and drug-induced 
closure of the ductus arteriosus, to mention but a few. 
Often there were already prenatal problems, which 
after preterm birth continue into postnatal problems. 
It is often not possible to pinpoint one precise hypox- 
ic-ischemic incident as the cause of brain damage. In 
term-born neonates, on the other hand, most cases of 
hypoxia-ischemia are due to a single, severe, perina- 
tal incident. The cerebral damage resulting from an 
acute episode of severe asphyxia is completely differ- 
ent from the cerebral damage in premature neonates. 
Selective vulnerability of the brain in this type of in- 
cident is apparently dictated by the biochemically 
most active parts of the brain, which demand the 
most glucose and oxygen: the zones of active myelina- 
tion. The resulting damage in the term-born neonate 
has the form of the so-called central cortico-subcor- 
tical pattern, with leukomalacia in the myelination 
zone, extending band-shaped from the basal ganglia 
into the pre- and postcentral gyri. There are also le- 
sions in the dorsal part of the putamen, the ventrolat- 
eral part of the thalamus, and the hippocampus, also 
actively myelinating at that time. In the premature 
neonate with a single episode of acute profound as- 
phyxia, there are as a rule only lesions in the basal 
ganglia and thalami. This can be explained by the fact 
that the central cortico-subcortical area is not yet 
myelinating in premature infants. As far as lesions in 
the basal ganglia and hippocampus are concerned, 
excitotoxicity and high local density of glutamate re- 
ceptors also play a role. 

The pathophysiology of MCE is less clear. MCE is 
usually considered a rare condition in neonates, but 
still accounts for about 10 % of the patients with post- 
hypoxic-ischemic injury (Sie et al. 2000a). The risk 
factors for this group show a striking difference as 
compared to patients developing PVL and those de- 
veloping the cortico-subcortical pattern. PVL is 
mainly found in preterm infants who suffer from pro- 
longed and repeated partial hypoxia-ischemia; the 
cortico-subcortical pattern mainly in term-born in- 
fants, following a single episode of acute profound hy- 
poxia-ischemia; MCE is mainly seen in term-born in- 
fants, initially with signs of mild hypoxia-ischemia, 
not requiring vigorous resuscitation at delivery, fol- 
lowed by a delayed-onset devastating encephalopathy 
with generalized brain edema. This sequence of de- 
layed-onset neuronal death resembles the sequence of 
ischemia-reperfusion damage and secondary energy 
failure as substantiated in animal experiments. 

Without being linked directly to the concept of 
MCE, it has been noted that neonates, after an initial 
period of suboptimal responses, improve to a better 
functional level within the first day, only to present 
with a catastrophic reaction about 24 h after the first 
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Fig. 95.1 . A CT scan of a girl with PVL at the age of 2 years {first 
row) shows asymmetrical ventriculomegaly and calcifications 
around the ventricles. The T 2 -weighted MR images obtained 
at the age of 3 years {second and third rows) show severe PVL 



with dilatation of the lateral ventricles, deformation of the 
ventricular walls (due to scarring), white matter volume loss, 
and periventricular gliosis. In addition, pulvinar lesions are pre- 
sent 



episode. The explanation for the first episode of sub- 
optimal function is sought in the acute reaction of 
neurons to energy depletion and cell membrane 
paralysis with edema, swelling, and impaired func- 
tion. When the cell survives, a second, calcium-de- 
pendent mechanism is triggered, leading via activa- 
tion of enzymes, formation of free radicals, lipid per- 



oxidation, and accumulation of excitatory amino 
acids to delayed cell death. This sequence of events 
does not differ in essence from the general cascades 
triggered whenever energy failure occurs and can be 
seen as a final common path of secondary neuronal 
death. 
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95.4 Therapy 

Because of the serious consequences of post-hypox- 
ic-ischemic damage, many attempts have been di- 
rected at preventing PVL and other forms of post-hy- 
poxic-ischemic damage from happening. Intensive 
check-ups during pregnancy, early in utero diagnosis 
of congenital abnormalities, electronic fetal monitor- 
ing during delivery, and technically advanced neona- 
tal intensive care units have not, however, led to a 
reduction in the incidence of cerebral palsy, which 
stands at 1-2 per 10,000 newborns. This is at least 
partially due to a population shift. Neonates of very 
low birth weight can now be kept alive and carry high 
risk factors for the development of post-hypoxic-is- 
chemic damage. Preventive measures applied in the 
past to reduce brain metabolism and thus to increase 
the resistance against hypoxia, such as the use of phe- 
nobarbital and low body temperature, have failed to 
improve the outcome. Better understanding of the 
pathophysiological mechanisms underlying post-hy- 
poxic-ischemic encephalopathy has triggered new 
efforts to develop cerebroprotective drugs. It has 
become clear that disrupted calcium homeostasis 
within ischemic cells is an essential factor in delayed 
cell death. Energy depletion leads to high calcium 
concentration within the cytosol, triggering many 
other cascades that can damage the cell. Calcium en- 
try blockers would seem to be a logical answer to this 
problem. Results of trials, however, have not been 
satisfactory. One of the cascades triggered by high 
cytosol calcium is the transformation of xanthine de- 
hydroxygenase into xanthine oxidase, both of them 
enzymes of the adenosine-nucleotide biochemical 
pathway. The formation of xanthine oxidase leads to 
formation of free radicals and to cell damage by lipid 
peroxidation after reperfusion. It was hoped that 
blocking of this cascade would improve the outcome. 
Free radical scavengers have also been tested for their 
ability to prevent reperfusion damage. Substantial 



beneficial results have not yet been reported. Energy 
depletion leads to the accumulation of excitatory 
amino acids, glutamate in particular. Glutamate ex- 
erts its stimulating action via at least three different 
receptors, which have unequal topographical distrib- 
ution. Of the glutamate receptors, the pharmacologi- 
cal properties of the NMDA receptor are best under- 
stood. An attempt has been made to counteract exci- 
totoxicity by the administration of antagonists for 
specific sites of the NMDA receptor. Although neuro- 
protective effects have been obtained in vitro, clinical 
trials in preterm neonates have been disappointing. 
This is probably because glutamate is extremely im- 
portant for many reactions, and nonselective inhibi- 
tion may lead to tampering with the other functions 
of this neurotransmitter. For instance, maturing neu- 
roreceptors in developing neurosynapses also play a 
role in the maturation of brain parts and brain func- 
tions; in the fetal period they are intermediates of cell 
plasticity and essential in processes of memory and 
learning. 

Once a static encephalopathy has developed, 
the child should be given physical therapy, special ed- 
ucation if necessary, and neurological treatment to 
limit secondary consequences such as spasticity and 
epilepsy. 



95.5 Magnetic Resonance Imaging 

Because of its versatility and ability to be used at the 
bedside, neurosonography (ultrasound, US) will re- 
main the first-line imaging modality in intensive care 
units for neonates. Detection and staging of germi- 
nal-layer-related hemorrhage can be done satisfacto- 
rily with US. This is also true for the evolution of PVL, 
which can be followed day by day. Many other brain 
conditions can be correctly diagnosed by US: for 
example, cerebral infarctions, hydrocephalus, poren- 
cephaly, hydranencephaly, and congenital anomalies, 



Table 95.1 . MRI sequences for the evaluation of neonates 



Sequence 




Purpose/contribution 


Sagittal T^weighted spin 


echo 


Small hemorrhages, cysts, congenital anomalies 


Proton density and T 2 -weighted spin echo 


Signal changes of white matter and cortical rim, ventricular size 


FLAIR 




Differential diagnosis: asphyxia versus infection 


Gradient echo 




Macro- and microhemorrhages, calcifications 


IR 




Progress of myelination, gray/white matter differentiation 


^.weighted + contrast 




Cortical laminar necrosis, infections 


DWI-anisotropy-Trace 




Infarcted and preinfarcted tissue, pattern of abnormalities 


DTI-FA; fiber tracking 




Quantitative estimation of brain maturation 


MRS 




Biochemical developmental age; presence of lactate 


MRA 




Vascular anomalies, abnormal vein of Galen 



FLAIR, fluid-attenuated inversion recovery; //?, inversion recovery; DWI, diffusion-weighted imaging; DTI-FA, diffusion tensor 
imaging-fractional anisotropy; MRS, MR spectroscopy; MRA, MR angiography 
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Fig. 95.2. a Boy born at 38 weeks of gestation. The pregnancy 
was complicated by hypertension and perinatal asphyxia oc- 
curred. MRI at the age of 1 week showed mildly dilated lateral 
ventricles.T 2 -weighted {first and second rows) andT r weighted 



{third row) images show an intraparenchymal hemorrhage 
on the left. This type of hemorrhage usually has its origin 
in a venous infarction and suggests a previous condition of 
venous congestion 



such as schizencephaly, corpus callosum agenesis, 
vein of Galen malformations, and Dandy-Walker 
malformations. 

The role of CT is limited to the diagnosis of hem- 
orrhages and of calcifications, an important feature of 
some disorders, for example bilateral thalamic necro- 
sis. In later cases of PVL, CT may be helpful to show 



calcifications in the damaged periventricular region 
(Fig. 95.1). 

When uncertainty remains after US, or discrepan- 
cy exists between US findings and clinical condition, 
MRI is indicated. The role of MRI in the diagnosis of 
post-hypoxic-ischemic conditions in neonates has 
become increasingly prominent. This is the result of 
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Fig. 95.2. b Follow-up studies after 3 months {first row, J 2 ~ 
weighted^econc/rowTVweighted) and 1 8 months (T 2 -weight- 
ed, third row) show that the left lateral ventricle is enlarged and 



there is loss of white matter in the left hemisphere. Myelina- 
tion is delayed in the left hemisphere 



improvement of MR techniques and, not least, to bet- 
ter adaptation of the MR procedure to the needs of 
preterm or term neonates. These improvements con- 
sist of improvement of monitoring vital signs with 
MR-compatible equipment, the development of MR- 
compatible incubators containing the usual life sup- 
port systems, adapted head coil for neonates, and the 



development of faster and new MR sequences. When 
the requirements for MRI of neonates are fulfilled, a 
protocol for MRI of neonates could include quite a 
gamut of sequences (Table 95.1). With the sequences 
listed in Table 95.1 it is possible to survey the condi- 
tion of the neonatal brain tissue and in many cases to 
predict outcome, which is often of major importance 
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Fig. 95.3. a A boy born at 34 weeks' gestation with respirato- 
ry insufficiency.TheT 2 -weighted images {first and second rows) 
show a row of dark dots along the lateral upper borders of the 
ventricles {arrow) and narrow ventricles. Sagittal T r weighted 



images {third row) show the row as bright dots along the ven- 
tricular borders, representing small hemorrhagic lesions {ar- 
row) 



in patient management. In daily routine not all these 
sequences will be applied; the first six, however, can 
considerably help in the initial diagnosis. Fast (turbo) 
spin echo sequences decrease acquisition time but 
have the disadvantage of canceling inhomogeneities 
in the local magnetic field and thus masking the pres- 



ence of hemorrhages or calcifications. MRS may con- 
tribute to the prediction of outcome of post-hypox- 
ic-ischemic damage in the neonatal period. An ele- 
vated level of lactate, particularly when present in the 
basal nuclei of a term neonate, predicts a poor out- 
come. 
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Fig. 95.3. b Follow-up at the age of 1 8 months.TheT 2 -weight- 
ed images show the typical triad of PVL: irregular borders of 
the lateral ventricles, especially the trigonum; white matter 



volume loss, also predominantly in the peritrigonal area with 
cortical sulci abutting the ventricles;and periventricular gliosis 



MR patterns in post-hypoxic-ischemic encephalo- 
pathy can be subdivided into early and late, residual, 
patterns. 

Post-hypoxic-ischemic encephalopathy in preterm 
neonates encompasses several conditions. 

Venous infarctions, often in the wake of germinal- 
layer- (or matrix-) related hemorrhage, are often still 
referred to as grade 4 hemorrhages. Venous infarc- 
tions, frequently located along the border of the later- 
al ventricles, may occur isolated or together with 
more extensive PVL (Fig. 95.2). 

The most important post-hypoxic-ischemic en- 
cephalopathy in preterm neonates is PVL. In the first 
postnatal week the diagnosis may be difficult. Small 
bright foci around the ventricles on Ti -weighted 
sagittal or hypointense foci on T 2 *-weighted trans- 
verse images (Figs. 95.3a and 95.4a) are not always 
followed by cystic changes. More extensive lesions 
usually do (Figs. 95.3b and 95.4b). It is difficult in the 
first week to differentiate periventricular white mat- 
ter changes, with high signal on proton density and 
T 2 -weighted images, from normal white matter, which 



also has high signal intensity due to the high water 
content of the premature brain. In this early phase dif- 
fusion-weighted images (Trace images, ADC maps) 
are helpful. In acute PVL, the affected area has lower 
signal intensity on ADC maps and decreased ADC 
values. However, it should be noted that the hemor- 
rhagic components also influence the ADC due to 
susceptibility effects. Diffusion tensor imaging and 
quantification of fractional anisotropy values may 
assist in the diagnosis. In the second week of life the 
changes become more obvious, also on conventional 
images. ADC values become higher; subependymal 
cystic changes appear around the ventricles and will 
often make contact with the ventricles. The most 
common late pattern of PVL consists of slightly 
widened lateral ventricles with irregular borders; loss 
of white matter volume, with cortical sulci nearly 
touching the ventricular walls; gliosis in the periven- 
tricular area; and focal or diffuse thinning of the cor- 
pus callosum (Figs. 95.1, 95.3b, 95.4b, 95.5, and 95.6). 
The presence of gliosis depends on the gestational age 
at the time of the insult; immaturity of astrocytes be- 
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Fig. 95.4. a Boy born at 36 weeks' gestation. In the last 
trimester there were diminished fetal movements. During de- 
livery worsening of the condition occurred with cardiac decel- 
erations, necessitating emergency cesarean section. He had 
low APGAR scores. The T 2 -weighted images {first and second 



rows) show small hemorrhages in the germinal matrix along 
the ventricular border. The sagittal T r weighted images {third 
row) show a number of bright spots along the border of the 
lateral ventricles, consistent with hemorrhages 



fore 28 weeks' gestation may lead to less prominent or 
absent gliosis. DTI fiber tracking may show the de- 
fects in the ascending and descending cortical tracts. 
Severe cases of PVL are often associated with lesions 
in the thalamus, especially in the pulvinar (Fig. 95.1). 



PVL is not the only manifestation of post-hypox- 
ic-ischemic encephalopathy in preterm neonates. 
Findings at autopsy are enlightening. In 97 autopsies 
of preterm neonates (Skullerud and Westre 1986), 48 
had germinal-layer-related hemorrhage, 23 had PVL, 
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Fig. 95.4. b T 2 -weighted images at 1 8 months show the triad of PVL. Myelination is delayed 



and 57 had pontosubicular necrosis. Of course these 
findings are not representative of the surviving group. 
The diagnosis pontosubicular necrosis is rarely con- 
sidered in MR reports of preterm neonates and may 
demand more attention. Sagittal proton density and 
T 2 -weighted images may help to demonstrate abnor- 
malities in the subiculum. 

PVL may occur in term-born neonates, but less 
frequently than in preterm neonates. Acute profound 
hypoxia-ischemia occurs more frequently in term 
neonates. Conventional MR images, including con- 
trast-enhanced images, may show diffuse cerebral 
edema. Because the cerebellum is less susceptible to 
hypoxia, it often is not involved. This results in what 
may be called a "white cerebrum" on ADC maps or 
"black cerebellum" sign on Trace diffusion -weighted 
images, the reverse of what was already known on CT 
as the "white cerebellum" sign (Figs. 95.7 and 95.8). 
This appearance is even more obvious on coronal dif- 
fusion-weighted Trace images. When the insult is less 
severe, another typical pattern develops with lesions 
in the basal ganglia and the central cortico-subcorti- 
cal area (Figs. 95.9 and 95.10). On conventional im- 
ages this pattern of damage may be difficult to ap- 



praise in the acute phase; the images suggest most 
often diffuse edema. Diffusion-weighted Trace images 
bring out the pattern with high signal intensity, with 
low ADC values in the affected areas. This pattern 
typically involves the perirolandic cortex, the corti- 
cospinal tracts, the dorsal part of the putamen, the 
ventrolateral part of the thalamus, the hippocampus, 
and, in the most severe cases, dentate nucleus and 
brain stem nuclei. The typical late manifestation of 
severe post-hypoxic-ischemic damage in the term- 
born neonate consists of gliosis and or atrophy in the 
above-mentioned brain areas (Figs. 95.9 and 95.10). 

In MCE the initial pattern seen on MR is general- 
ized brain edema of the hemispheres, with sparing of 
the cerebellum. This is followed by the development 
of large subcortical cysts that may be spread through 
all cerebral lobes or confined to the frontal and pari- 
eto-occipital lobes. The cerebellum is least affected 
(Figs. 95.1 land 95.12). 

Aside from the described patterns, other presenta- 
tions of post-hypoxic-ischemic encephalopathy are 
possible. Cortical laminar necrosis (Fig. 95.13) usual- 
ly shows on T x -weighted and FLAIR images as a thin 
rim of higher signal intensity within the cortical 
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Fig. 95.5. A girl was born at a gestational age of 31 weeks with 
perinatal asphyxia and respiratory distress at birth demanding 
prolonged artificial ventilation. At 2 years T 2 -weighted images 



show white matter loss and gliosis restricted to the frontal 
lobes. Frontal localization of PVL is unusual 



layer. On proton density and T 2 -weighted images the 
cortical ribbon in the affected areas is usually less 
clearly seen. After contrast injection there may be 
enhancement of this rim. On follow-up this will result 
in gliosis and atrophy of the affected areas. 

In neonates territorial infarctions are relatively 
rare, but will be seen occasionally. Often they involve 
the territory of the middle cerebral artery (Fig. 95.14). 



The infarction most often involves the entire middle 
cerebral territory. A polycystic degeneration of the af- 
fected area follows. 

In our experience border zone infarctions are rela- 
tively rare, but do occur (Fig. 95.15). 

Other lesions caused by intrauterine hypoxic con- 
ditions of the neonate include hydranencephaly, 
porencephaly, and acquired schizencephaly. 
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Fig. 95.6. Images of a 32-year-old mentally retarded and visu- 
ally handicapped man with a history of perinatal asphyxia. It is 
unclear whether he also suffered from hypoglycemia. The T 2 - 



weighted {first and second rows) and FLAIR {third row) images 
show severe white matter loss and gliosis in the parieto-occip- 
ital area and crowding of the occipital gyri (ulegyria) 
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Fig. 95.7. a Images of a female neonate, born at a gestational 
age of 41 .5 weeks, who suffered from extremely severe perina- 
tal asphyxia. The MRI was obtained at obtained at 4 days.The 
proton density images {first row) show an almost complete 
loss of white-gray matter demarcation. The basal ganglia 
stand out as white.TheT 2 -weighted images {second row) con- 
firm the loss of the cortical ribbon with decreased demarca- 



tion between white and gray matter. There is generalized ede- 
ma.The brain stem and cerebellum are the only structures that 
seem to have preserved their normal gray-white differentia- 
tion. The contrast-enhanced T r weighted images {third row) 
show diffuse faint enhancement of the basal ganglia and per- 
haps the cortex 
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Fig. 95.7. b Transverse diffusion-weighted Trace images {first 
row, b = 1 000) and ADC maps {second row) show diffuse abnor- 
malities in the supratentorial regions, which makes them diffi- 
cult to read: because all structures are abnormal, they do not 
stand out as abnormal as compared to normal structures.The 
lower slices show the normal brain stem and cerebellum. The 



coronal images {third row, Trace diffusion-weighted image left, 
and ADC map in the middle) are much easier to interpret. Only 
the cerebellum has a normal aspect. This "dark" cerebellum on 
Trace images is the counterpart of the "white" cerebellum as 
seen on CT in severe hypoxia {third row, right) 
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Fig. 95.8. a 
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Fig. 95.8. {continued), a Images of a term-born male neonate, 
victim of a very difficult delivery and repeated attempts at 
vacuum extraction. The MRI was obtained at the age of 4 days. 
The T 2 -weighted images {first and second rows) show loss of 
the cortical ribbon with decreased demarcation between 
white and gray matter over the large parts of the brain and 



generalized edema. The FLAIR images {third and fourth row) 
show fuzziness of brain structures. The contrast-enhanced 
T]-weighted images {fifth and sixth rows) show a remarkable 
pattern of enhancement in the rolandic area. It remains diffi- 
cult to assess the condition of the neonate's brain 



Fig. 95.8. b Diffusion-weighted Trace images {first and second 
rows, b= 1000) and ADC maps {third and fourth rows) show 
involvement of the cortical and subcortical structures of both 
hemispheres. Only the cerebellum has a normal aspect. 
(Fig. 95.8. b see next page) 
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Fig. 95.8. b 
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Fig. 95.9. a 
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Fig. 95.9. b 
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Fig. 95.9. c 



Fig. 95.9. a A boy was born at 42 weeks gestational age by 
emergency cesarean section. There was a severe hypoxic-is- 
chemic insult. The T 2 -weighted images {first and second rows) 
show perhaps a less clear cortical ribbon in the parietal region 
and ill-defined basal ganglia, but the abnormalities are not 
prominent and the images are difficult to interpret. The con- 
trast-enhanced T r weighted images {third and fourth rows) 
confirm the fuzziness together with some enhancement of the 
basal ganglia, b Diffusion-weighted Trace images {first and 
second rows, b= 1000) reveal the cortico-subcortical pattern 



and help to establish the prognosis of the child.The ADC maps 
{third and fourth rows) confirm the low ADC values in the 
bright areas of the Trace images, c Follow-up MRI at 2 years 
shows the pattern also on conventional images. The T 2 - 
weighted images {first and second rows) show a gliotic lesion 
involving the cortex and subcortical white matter in the 
perirolandic area, and lesions in the dorsal part of the puta- 
men, the ventrolateral part of the thalamus, the substantia 
nigra, and the hippocampus on both sides.The pattern is even 
more conspicuous on FLAIR images {third row) 
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Fig. 95.10. The same pattern of perirolandic cortico-subcortical gliosis and lesions in thalamus, putamen, and dentate nucleus 
in a 3-year-old girl who had a history of severe perinatal asphyxia at term birth 
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Fig. 95.1 1 . a A boy was born at 32 weeks gestational age after 
fetal distress. He had a severe anemia and rhesus antagonism. 
T r weighted {first and second rows) andT 2 -weighted {third row) 
images 1 month after birth show extensive intraparenchymal 



hemorrhages and ventriculomegaly. There is also blood in the 
ventricles. The cerebral white matter is swollen and has an 
abnormal signal intensity. (Fig. 95.1 1 . b see next page) 
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Fig. 95.1 1 . b T 2 -weighted series at the age of 2 months show a multicystic encephalopathy 
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Fig. 95.1 2. A boy was born at 42 weeks' gestation. An initially 
mild hypoxic-ischemic encephalopathy was soon followed by 
a catastrophic encephalopathy. This MRI at the age of 2 years 



shows a multicystic encephalopathy and ventriculomegaly. 
The basal ganglia are also cystic. The brain stem and cerebel- 
lum are spared 
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Fig. 95.1 3. a A boy was born at 39 weeks' gestation with seri- gions and fuzziness of the basal ganglia. Contrast-enhanced 

ous perinatal asphyxia and a poor start. MRI was obtained at T^weighted images {third row) show enhancement of the 

3 days. The T 2 -weighted images {first and second rows) show perirolandic cortex on the right, but no clear other abnormali- 

a poorly defined cortical ribbon in the parieto-occipital re- ties 
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Fig. 95.13. b Diffusion-weighted Trace images {first and sec- 
ond rows, b = 1 000) and ADC maps {third row) show a different 
pattern than in previous patients. The basal ganglia are not 



involved, whereas the parieto-occipital and perirolandic cor- 
tex is severely involved. The ADC values in the affected areas 
are low, as is indicated for some spots 
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Fig. 95.13. c Follow-up MRI was obtained at the age of 14 tracts in the perirolandic area, as is seen in the cortico-subcor- 
months.The FLAIR {first and second rows) andT 2 -weighted im- tical pattern. There are no abnormalities in the basal ganglia, 
ages {third row) show gliosis in the cortex and subcortical Additional gliosis is present in the parieto-occipital region 
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Fig. 95.1 4. A term-born neonate was born by vacuum extrac- 
tion. The upper row of conventional T 2 -weighted and T r 
weighted images without and with contrast show an infarc- 
tion in left middle cerebral artery territory, most clear on the 
T 2 -weighted images.The second row shows a diffusion-weight- 
ed Trace image {left, b = 1 000) and ADC map {right) at the same 
level, both indicating restricted diffusion in the infarcted area. 



Follow-up images after a few years {third row) show the typical 
pattern of remains of a perinatal middle cerebral artery infarc- 
tion. The entire right hemisphere is smaller than the left. The 
middle cerebral artery territory has undergone polycystic 
degeneration, with now only some membranous remains in 
the area 
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Fig. 95.1 5. A female infant was born at a gestational age of 35 tic tetraparesis, left more than right. The MRI at 7 years shows 
weeks. Soon after birth she started to have epileptic seizures the pattern of extensive border zone infarctions.The gliosis is 
and developed microcephaly, developmental delay, and spas- best seen on the FLAIR images {third row) 



Chapter 96 

Neonatal Hypoglycemia 

R.J. Vermeulen, J. Valk 



96.1 Clinical and Laboratory Findings 

Neonatal hypoglycemia is a condition that frequently 
occurs in sick newborns. The symptomatology in the 
acute stage can range from agitation, somnolence, 
and epileptic seizures to status epilepticus and coma. 
Several groups of neonates are at risk of hypo- 
glycemia because of a lack of glucose reserves (dys- 
maturity and prematurity) or an increased need for 
glucose related to high weight and maternal diabetes. 
The causes of severe neonatal hypoglycemia are 
diverse and can be separated in three large groups: 
hyperinsulinism (Beckwith-Wiedemann syndrome, 
nesidioblastosis-adenoma spectrum, hyperplasia of 
the pancreas, leucine sensitivity), endocrine deficien- 
cies (Cortisol deficiency, growth hormone deficiency, 
glucagon deficiency, hypothyroidism, panhypopitu- 
itarism), and hereditary metabolic defects (defects in 
carbohydrate, amino acid, organic acid, and fatty acid 
metabolism). 

Long-term outcome of infants with severe neona- 
tal hypoglycemia varies from fatal, through poor with 
severe mental retardation, epilepsy, and visual im- 
pairment, to absence of evident neurological conse- 
quences. Visual impairment is an important clinical 
manifestation of neonatal hypoglycemia and results 
from the preferential damage of the parieto-occipital 
white and gray matter. In addition, optic atrophy has 
been described, most probably secondary to the le- 
sions in the parieto-occipital region through the 
mechanism of transsynaptic degeneration. 

It should be noted that there is no consensus about 
the exact definition of hypoglycemia. It has been 
shown that even moderate hypoglycemia is a poten- 
tial hazard for the neonatal brain. For instance, glu- 
cose levels below 2.6 mmol/1 can be associated with 
motor and cognitive impairment. Deterioration of 
motor and cognitive skills is not only related to the 
depth of the hypoglycemia, but also to the number of 
days with hypoglycemic episodes. 



96.2 Pathology 

Most data on hypoglycemic brain damage have been 
obtained in adults. In human adults it is often difficult 
to distinguish hypoglycemic from hypoxic-ischemic 
brain damage on morphological grounds. There 
are, however, differences in distribution of the neu- 



ronal damage and histochemical differences. Hypo- 
glycemia leads to reduced concentrations of pyruvate 
and lactate and diminishes the production of protons 
by the Krebs cycle, resulting in tissue alkalosis, while 
hypoxia-ischemia is characterized by elevated lactate 
and acidosis. In contrast to hypoxia-ischemia, hypo- 
glycemia does not lead to pannecrosis,but to selective 
neuronal necrosis. This neuronal necrosis involves 
the cerebral cortex, the hippocampus, the caudate 
nucleus, and sometimes the spinal cord. In contrast to 
hypoxia-ischemia, the brain stem and the cerebellum 
are spared in hypoglycemia. In addition, the cortical 
neuronal necrosis is more superficial in hypo- 
glycemia, whereas the middle cortical layers are pref- 
erentially targeted by hypoxia-ischemia. Axon-spar- 
ing parenchymal lesions with selective dendritic 
swellings are often considered a hallmark of hypo- 
glycemic damage. These swollen dendrites contain 
swollen mitochondria. In the next phase swollen mi- 
tochondria are seen in the cell body and cell mem- 
brane irregularities appear. Finally, the neurons be- 
come necrotic, as indicated by mitochondrial floccu- 
lent densities and frank membrane rupture. There is 
a free admixture of amorphous cytoplasm within the 
extracellular space, indicating cellular dissolution. 
The cytoplasm of the affected cells stains acidophilic 
in light microscopy. The dendritic death of neurons is 
characteristic of excitotoxicity. 

Neuropathological observations of damage to the 
neonatal brain in pure hypoglycemia are limited. In 
the few studies of untreated or inadequately treated 
hypoglycemic neonates, involvement of all parts of 
the brain and the anterior horns of the spinal cord has 
been observed, with particularly severe lesions in the 
posterior parts of the cerebrum, the parieto-occipital 
lobes. Involvement of arterial border zones, as may be 
seen in hypoxic-ischemic encephalopathy, is not 
seen. As in adults, cortical involvement includes the 
superficial cortical layers and not the deeper layers as 
in hypoxia-ischemia. Microscopically the findings in- 
clude acute degeneration of nerve cells and glial cells. 
In most infants the nerve cells in the cortex are small 
with abnormal nuclei. There is a regional distribution 
of neuronal damage, with the most severe signs of 
acute degeneration in the occipital cortex and the 
least signs of involvement in the temporal cortex. 
Fragmented cells may be demonstrated in the caudate 
nucleus and putamen, the claustrum, and the granu- 
lar layer of the cerebellum. Another type of damage is 
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found in large neurons (thalamus, hypothalamus, 
globus pallidus, and Purkinje cells) showing chroma- 
tolysis with swelling and granularity of the cyto- 
plasm. Large vacuoles may be observed in the motor 
nuclei of the brain stem. 



96.3 Pathogenetic Considerations 

Hypoxia-ischemia and hypoglycemia both lead to 
energy failure, and one would expect similar patterns 
of brain damage. There are, however, major differ- 
ences, especially well known from the patterns of 
brain damage following perinatal asphyxia and 
neonatal hypoglycemia. Only in neonatal hypo- 
glycemia is preferential damage of the parieto-occip- 
ital region seen. The differences require an explana- 
tion. 

The immature brains of neonates have the facility 
to use alternative energy donors (for instance lactate 
and ketone bodies), an ability that gradually disap- 
pears with age. This and the lesser energy demand of 
the neonatal brain explain why the immature brain is 
more resistant to hypoglycemia than more mature 
brains. This is probably the reason why hypoglycemic 
brain damage rarely occurs in neonates without a 
predisposing factor. Glucose utilization in newborns 
as measured with 2-deoxy-2-[ 17 F]fluoro-D-glucose 
PET does not demonstrate a higher glucose turnover 
in the occipital cortical area than in other cortical ar- 
eas. 

Neuronal death by hypoxic-ischemic energy de- 
pletion includes instant cell death and delayed cell 
damage and death, the latter mediated by a cascade of 
events including membrane depolarization, calcium 
influx into the cytosol, release of proteases and lipas- 
es, formation of free radicals, lipid fragmentation and 
formation of arachidonic acid, and lipid peroxida- 
tion. Brain damage in hypoglycemia is not the direct 
and immediate result of the lack of glucose, but fol- 
lows the steps of delayed cell death. 

It has been suggested that one of the important 
differences between hypoxic-ischemic and hypo- 
glycemic conditions concerns the cerebral blood flow. 
The two- to threefold increase in cerebral blood flow 
that occurs in patients with hypoglycemia is then as- 
sumed not to occur in hypoxia-ischemia. This, how- 
ever, is not true in all cases of hypoxia-ischemia, 
where an initial rise in cerebral blood flow of the 
same order may occur, followed by a decrease when 
generalized hypoxia-ischemia also affects the cardiac 
muscle. The cardiac muscle seems more resistant to 
low glucose levels than to hypoxia-ischemia. This dif- 
ference could be important. Correction of the hypo- 
glycemia leads to a decrease in cerebral blood flow to 
values about 30% below normal. PET studies reveal 
that under hypoglycemic conditions the metabolic 



rate of the brain does not change, in contrast to under 
conditions of hypoxia-ischemia, where the metabolic 
rate decreases. A difference between the posterior 
part and the rest of the brain has, however, not been 
demonstrated. 

Low glucose levels lead to a reduction of energy 
supply and to protein and lipid catabolism. Because of 
the lower glucose levels, levels of lactate and pyruvate 
are also reduced. Consequently proton production by 
the Krebs cycle is reduced, leading to tissue alkalosis, 
in contrast to ischemia, which is characterized by ele- 
vated levels of pyruvate and lactate and acidosis. In 
hypoglycemia decarboxylation of pyruvate is de- 
creased, leading to a shortage of CoA, a major inter- 
mediate in the pathway to oxalo acetate. Oxalo acetate 
is the a-keto acid in a transamination reaction with 
glutamate, yielding aspartate and a-ketoglutarate. 
Shortage of oxaloacetate subsequently leads to a re- 
duction of tissue glutamate and an increase in aspar- 
tate. This increase in the aspartate/glutamate ratio is 
the reverse of what is seen in hypoxic-ischemic con- 
ditions. Aspartate is more selectively active on NMDA 
receptors than glutamate. NMDA antagonists are, at 
least in experimental situations, more effective in hy- 
poglycemia than in hypoxia-ischemia. However, no 
pattern of distribution of NMDA receptors is known 
that would explain the vulnerability of the posterior 
part of the cerebral hemispheres in neonates. 

Delivery of glucose to the brain requires so-called 
glucose transporter proteins. Endothelial cells play a 
crucial role in the transport of glucose over the blood 
-brain barrier since they are equipped with GLUT1 
glucose transporters. In addition, GLUT3, a neuronal 
glucose transporter, shows a developmental regula- 
tion of expression, at least in the newborn rat. How- 
ever, it has not been reported that this transporter has 
a regional distribution that would explain the selec- 
tive vulnerability of the parieto-occipital region. 
The GLUT5 transporter is selectively expressed in mi- 
croglia, whereas the other types of glucose trans- 



Fig. 96.1 . A male neonate suffered from severe and repeated 
hypoglycemia. This first MRI was obtained at the age of 16 
days. The T 2 -weighted images {first and second rows) show 
blurring of the cortical ribbon in the parieto-occipital and tem- 
poral areas and swelling of these areas.The signal intensity of 
the white matter is too high for normal unmyelinated white 
matter in these regions,suggesting edema.There is also a high 
signal intensity in the peripheral parts of the cerebellar hemi- 
spheres, which is extremely unusual in post-hypoxic-ischemic 
encephalopathy. The T r weighted images {third and fourth 
rows) show areas of cortical laminar hyperintensity in the 
frontal and parietal areas and loss of gray-white matter dis- 
tinction in the posterior parieto-occipital and temporal area 
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Fig. 96.1. 
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Fig. 96.2. Diffusion-weighted imaging was performed in the 
same boy at 16 days. The Trace diffusion-weighted (b = 1000) 
images {first row) show extensive hyperintensities, most pro- 



minent in the parieto-occipital area, but also in both frontal 
and temporal lobes. The ADC maps {second row) confirm the 
severe restriction in water diffusion in the affected areas 



porters (2, 4, and 7) are only expressed at very low 
levels in the brain. 

So none of the factors mentioned above would ex- 
plain either the selective involvement of the parieto- 
occipital gray and white matter in neonates or the 
sparing of the cerebellum and brain stem. 



96.4 Therapy 

Prevention is the most important form of treatment. 
It is essential to identify infants at risk of hypo- 
glycemia and to detect the first signs of its occur- 
rence. Special risk factors have been discussed above. 
In the postnatal period maintenance of body temper- 
ature, oral feeding within 3-4 h after birth and moni- 
toring the clinical signs of hypoglycemia (jitteriness 
and seizures) are important in the prevention and 
early detection of hypoglycemia. Even in neonates 
with only mildly low glucose levels, treatment should 
be initiated, starting with a bolus infusion followed by 
a continuous glucose infusion. Importantly, hyper- 



glycemia should be avoided because of the risk of 
neurological complications. After correction of the 
hypoglycemia, tapering of intravenous glucose infu- 
sion should be slow in order to avoid secondary hypo- 
glycemia. In addition, treatment of any specific caus- 
es underlying the hypoglycemia, including endocrine 
dysfunction and inborn errors of metabolism, should 
be instituted as appropriate. 



96.5 Magnetic Resonance Imaging 

The standard protocol used for preterm and term 
neonates, described in Chap. 95, is also appropriate 
for imaging hypoglycemic brain lesions. This proto- 
col includes T x -weighted, proton density, and T 2 - 
weighted images for morphological and pathomor- 
phological information. Gradient echo refocused im- 
ages are used to detect hemorrhagic components and 
calcifications. In addition diffusion-weighted Trace 
images and ADC maps should be obtained, to reveal 
the extent of damage and to discover abnormal 
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Fig. 96.3. This series of FLAIR images, obtained at 21 days in 
the same boy, confirm the extensive cortical involvement. On- 
ly the most anterior part of the frontal cortex seems spared. 



The underlying white matter has become dark, suggesting 
white matter degeneration and rarefaction 



areas with a normal appearance on conventional se- 
quences. Where available, MRS should be part of the 
examination. 

The most constant finding on MRI in early hypo- 
glycemic encephalopathy consists of hyperintense 
and swollen areas on proton density, T 2 -weighted, and 
FLAIR images, predominantly located in the parieto- 
occipital lobes (Fig. 96.1). The lesions tend to be more 
or less symmetrical and may involve the splenium of 
the corpus callosum. T r weighted images may show 
linear high-signal changes in the depth of the cortical 
sulci, in particular in the parieto-occipital areas 
(Fig. 96.1). After intravenous gadolinium the latter 
abnormalities may become more conspicuous. In the 
initial phase the affected areas show high signal in- 
tensity on diffusion-weighted Trace images and ADC 
values are decreased by about 25-40 % compared to 
normal (Fig. 96.2). Very low ADC values (0.50-0.70) of 
the affected parieto-occipital lobes suggest irre- 
versible cytotoxic edema leading to permanent loss of 
brain tissue. Follow-up FLAIR images show cortical 
hyper intensity, whereas the white matter becomes 



dark (Fig. 96.3), compatible with ongoing cortical 
necrosis and white matter degeneration and rarefac- 
tion. Soon macrocysts develop, the cysts extending 
from cortex to ventricular wall (Fig. 96.4). The cortex 
covering these cysts is extremely thin. However, the 
initial hypoglycemic brain lesions are reversible in 
some cases or are reversible in part of the brain (com- 
pare Figs. 96.2 and 96.4). In the final stages MRI 
shows tissue loss, especially of the white matter, with 
crowding of the overlying gyri (ulegyria) in the pari- 
eto-occipital region. Usually the trigonum and occip- 
ital horns of the lateral ventricles are dilated. 

MRS should show low concentrations of lactate in 
the initial lesions, in contrast to what is seen in peri- 
natal asphyxia. MR phosphorus spectroscopy is able 
to confirm the alkalosis in hypoglycemia versus the 
acidosis in hypoxia-ischemia. 

The differential diagnosis in the early phase of hy- 
poglycemia includes only a few other disease states. 
The most prominent is bilateral occlusion of both 
posterior cerebral arteries, as may occur in patients 
with preceding severe brain edema. The P3 segment 
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Fig. 96.4. This series of T] -weighted images was obtained rhagic. Note that not all areas with severe diffusion restriction 
in the same boy at 6 weeks.There is multicystic degeneration underwent the same degeneration 
of both parieto-occipital lobes. The lesions are partly hemor- 



of the posterior cerebral artery may be compressed ischemic damage is often present in hypoglycemia, 
against the tentorial ridge and bilateral posterior ter- which may make the hypoglycemic damage pattern 
ritorial infarctions may result. Concurrent hypoxic- less clear. 



Chapter 97 

Delayed Posthypoxic Leukoencephalopathy 



97.1 Clinical Features 

and Laboratory Investigations 

The usual pathological sequels of hypoxia in the CNS 
consist of damage to the neurons of the cortex and the 
subcortical gray matter structures. Selective injury to 
the cerebral white matter as a consequence of hypox- 
ia-ischemia occurring in the neonatal period is far 
less common after hypoxia-ischemia occurring later 
in life. However, as early as 1925 the German patholo- 
gist Grinker noticed a diffuse symmetrical leukoen- 
cephalopathy occurring days after carbon monoxide 
intoxication. The condition was named after him: 
Grinker myelinopathy. As in the original description, 
posthypoxic leukoencephalopathy may occur imme- 
diately subsequent to a hypoxic-ischemic insult, but 
usually there is an early phase of improvement after 
the initial stage of cerebral injury, followed, several 
days or weeks later, by recurrence of impaired con- 
sciousness and other neurological signs. In these cas- 
es CT and MR show more or less severe leukoen- 
cephalopathy, and therefore this condition is referred 
to as delayed posthypoxic leukoencephalopathy 
(DPHL). The neurological abnormalities in DPHL 
vary from patient to patient and include spastic pare- 
sis of the extremities, a parkinsonian syndrome, 
choreiform movements, visual failure, myoclonus, 
seizures, psychosis, and mental deterioration. The 
condition results in a chronic state of global demen- 
tia, a vegetative state, or death, but recovery may also 
occur. 

The most common cause of DPHL is intoxication 
with carbon monoxide or cyanide. This may happen 
accidentally, but also occurs in homicidal or suicidal 
cases. In the USA not less than 6.4% of suicide at- 
tempts involve carbon monoxide. This figure is prob- 
able not far from that in other countries in the west- 
ern hemisphere. 

Laboratory tests in the acute phase include, first of 
all, determination of blood gases to assess oxygena- 
tion and acid-base status, since acidosis frequently 
accompanies the hypoxia. In cases of suspected car- 
bon monoxide poisoning, the level of carboxyhemo- 
globin is determined. In carbon monoxide poisoning, 
the ECG often shows signs of ischemia with inverted 
T waves and ST wave depression. If other intoxica- 
tions are suspected, specific laboratory estimations of 
the level of toxic agents are necessary. The diagnosis 
of DPHL is established at a later stage with the help of 



clinical history, physical findings, and imaging tech- 
niques. The EEG contains diffuse bilateral slow wave 
activity with low voltage. 



97.2 Pathology 

The neuropathological findings are highly variable, 
depending on the severity and nature of the insult 
and the time between the event and the pathological 
examination of the brain. Here only the neuropatho- 
logical findings of DPHL in the more chronic stage of 
the disease are described. 

The external appearance of the brain is normal or 
mildly atrophic. On sectioning, confluent white mat- 
ter lesions are found bilaterally, with a fairly symmet- 
rical distribution. Microscopically, the central white 
matter of both hemispheres contains areas of diffuse 
demyelination with loss of oligodendroglial cells and 
proliferation of astrocytes. The axons are relatively 
spared, but areas of extensive necrosis may occur 
with loss of both myelin and axons. Such necrosis 
is seen predominantly in arterial end and border 
zones of the deep white matter, while in the less dis- 
tant arterial end fields of the white matter only 
demyelination is observed. The arcuate fibers and 
white matter underneath the ependyma are better 
preserved. Patches of myelin persist around numer- 
ous vessels. 

The cortex is usually spared, but concomitant areas 
of necrosis may be present in the cerebral cortex, 
especially in an arterial border zone distribution. 
Necrotic areas are often present in the basal ganglia. 
The brain stem and cerebellum are usually, but not 
always, unaffected. 



97.3 Pathogenetic Considerations 

The susceptibility of tissues to anoxic-ischemic dam- 
age depends on the extent of vascular supply, the 
presence and quality of collateral circulation, the 
metabolic activity, and thus the energy demands of 
the particular tissues. In intoxications the specific 
chemical affinity and vulnerability of certain brain 
structures also play a prominent role, as in the initial 
phase of carbon monoxide poisoning. In the brain 
anoxic-ischemic processes most commonly affect the 
cerebral cortex, while the white matter is completely 
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or relatively spared. This observation can be ex- 
plained by the fact that the white matter is metaboli- 
cally less active than the cortex. Other explanations 
are found in the distribution of excitatory amino acid 
synapses and local physicochemical factors at the cel- 
lular level. 

However, a diffuse injury of the white matter is 
seen in DPHL. DPHL occurs under circumstances of 
prolonged hypoxia, hypotension, and metabolic im- 
balance. The underlying causes comprise respiratory 
failure, cardiac arrest, and systematic hypotension. 
Precipitating events are carbon monoxide poisoning, 
cyanide poisoning, carbon disulfide poisoning, hero- 
in overdose, morphine intoxication, anesthetic acci- 
dent, postoperative shock, and many other events. 

The white matter lesions of DPHL are located in 
arterial end and border zones. For their arterial blood 
supply, the cerebral cortex and arcuate fibers depend 
on cortical branches of the major cerebral arteries 
and their leptomeningeal anastomoses. For their 
supply the periventricular and deep white matter 
are dependent on penetrating arteries which traverse 
the brain from the cortex towards the ventricular 
ependyma. These arteries have few collateral branch- 
es; one artery nourishes one white matter unit. The 
basal ganglia receive their supply from end arteries. 
The deep white matter lesions of DPHL are frequent- 
ly accompanied by lesions in the basal ganglia, as well 
as in border zones of the cerebral cortex. However, 
there is no clear correlation between gray and white 
matter damage, and white matter damage does not 
appear to depend directly on the degree of anoxia. 
Although some consider the white matter lesions to 
be merely a border zone effect, it is probable that 
something other than hypoxia alone is required for 
lesions of this kind to be produced. There are several 
reasons for this assumption. Cerebral DPHL occurs 
only rarely, in contrast to the much more frequent 
anoxic-ischemic gray matter damage. In addition, 
gray matter structures are relatively spared in DPHL, 
which suggests that the hypoxic-ischemic process in 
itself is not profound as these structures are rather 
sensitive to lack of oxygen. This leads to the impres- 
sion that white matter damage is particularly likely to 
occur under conditions of prolonged depression of 
both oxygenation and circulation. Acidosis may be 
another adverse factor in this context. Drug overdose, 
for instance morphine intoxication, leading both to a 
depression of respiration and to hypotension, is par- 
ticularly apt to lead to DPHL, much more often than, 
for instance, a cardiac arrest without antecedent im- 
pairment of respiration. 

Carbon monoxide intoxication relatively frequent- 
ly leads to DPHL. It causes tissue hypoxia by re- 
versibly binding to hemoglobin in red blood cells, 
thereby reducing the oxygen- carrying capacity of the 
blood. The presence of carb oxyhemoglobin shifts the 



oxyhemoglobin dissociation curve to the left, and tis- 
sue oxygen tension must therefore fall to much lower 
levels before the remaining oxyhemoglobin can give 
up its oxygen, a factor aggravating the tissue hypoxia. 
Moreover, carbon monoxide inhibits cellular respira- 
tion by binding to cytochrome oxidase. In addition to 
hypoxia, carbon monoxide often causes general hy- 
potension by the formation of carb oxy myoglobin in 
the myocardium, which in turn leads to myocardial 
dysfunction. This combination of hypoxia and gener- 
al circulatory collapse probably explains why DPHL is 
so often seen in carbon monoxide poisoning. 

Cyanide may also lead to DPHL. Cyanides have 
specific inhibitory effects on the cytochrome oxidase 
respiratory enzyme system of cells due to a strong 
affinity of cyanides for the iron core of the cyto- 
chromes. In this way cyanides lead to tissue hypoxia 
despite the presence of sufficient amounts of oxygen. 



97.4 Therapy 

Prevention of cerebral hypoxia and ischemia and the 
prompt restitution of normal oxygenation, blood 
pressure, and acid-base balance after any hypoxic-is- 
chemic insult are the only possible measures in the 
prevention and treatment of DPHL. The treatment of 
choice for patients with carbon monoxide poisoning 
is exposure to hyperbaric oxygen in order to wash out 
the carbon monoxide as soon as possible. Cyanide 
poisoning can be treated with hydroxycobalamin and 
sodium thiosulfate in the acute stage. Adequate treat- 
ment of the acute poisoning may prevent the occur- 
rence of DPHL. Once DPHL has developed, the only 
option is to provide supportive care. 



97.5 Magnetic Resonance Imaging 

In DPHL, the involvement of the white matter is gen- 
erally symmetrical and confluent and located in arte- 
rial border and end zones, due to the underlying sys- 
temic cause. In carbon monoxide poisoning, exten- 
sive, confluent deep white matter involvement with 
late occurrences has been reported, but more focal 
and asymmetrical white matter involvement has also 
been observed. 

White matter lesions may be accompanied by le- 
sions in gray matter structures in arterial terminal 
and border zones of the cortex and in the basal 
ganglia as the remains of the initial event. In carbon 
monoxide intoxication, the globus pallidus is pre- 
ferentially affected. In cases where the original hy- 
poxic-ischemic encephalopathy had another origin, 
other gray and white matter structures may also be 
involved. There are remarkably few reports on imag- 
ing findings in DPHL. The contribution of MRS is 
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Fig. 97.1 . A 56-year-old man with 
chronic exposure to carbon disulfide. 
TheT 2 -weighted images show nearly 
symmetrical involvement of the deep 
white matter.There is also a moderate 
cerebral atrophy.The basal ganglia 
and the pons show lesions. From Ku 
et al. (2003), with permission and cour- 
tesy of Dr C.C. Huang, Department 
of Neurology, Chang Gung Memorial 
Hospital and University, Taipei, Taiwan 
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described in few articles. Diffusion-weighted Trace 
images and ADC maps have the possible contribution 
of distinguishing more recent from older lesions. 
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Fig. 97.2. A 6-year-old boy underwent surgery for a congeni- 
tal cardiac defect. Postoperatively he did well. Four weeks later 
he showed behavioral changes. He suffered two cardiac ar- 
rests, necessitating resuscitation, after which he remained sub- 
comatose. Neurological recovery was slow and only partial. He 



showed signs of spastic tetraplegia. MRI shows extensive 
changes in the white matter, largely sparing the arcuate fibers. 
There are also lesions in the internal capsule, basal ganglia,and 
mesencephalon. The cerebellum is not affected 



Chapter 98 

White Matter Lesions of the Elderly 



98.1 Clinical Features 

and Laboratory Findings 

Age-related changes of the brain have been docu- 
mented in numerous MRI and histopathological 
studies. Changes that are found at histopathological 
examination in elderly individuals without neurolog- 
ical or neuropsychological deficits - in other words, 
in normal aging - include enlargement of the ventri- 
cles and the cerebral sulci reflecting gray and white 
matter loss, decrease in neurons and synapses, and in- 
crease in lipofuscin and mineral deposits in brain 
structures. On MRI white matter hyperintensities 
may appear on T 2 -weighted and FLAIR images, in- 
creasing with age, varying from multifocal spots in 
the deep white matter or a pencil-stripe-like rim 
around the ventricles to a confluent, bilateral, more or 
less symmetrical, periventricular leukoencephalopa- 
thy. The more or less extensive signal changes of the 
periventricular and deep white matter have been giv- 
en the descriptive name "leukoaraiosis" (white matter 
rarefaction) by Hachinski et al. (1987), and have been 
the subject of many studies since then. Attempts have 
been made to document these changes more precise- 
ly with a variety of MR techniques, to search for neu- 
ropathological correlates, and to find out which white 
matter signal alterations represent apparently inno- 
cent changes by clinical standards, and which signal 
alterations indicate future clinical progress towards 
cognitive impairment and eventually vascular de- 
mentia. Similar attempts have been made from the 
neuropsychological point of view, where the search is 
still going on to define "age-related memory disor- 
der," "age-associated mental impairment," "benign 
senescent forgetfulness," and "mild cognitive impair- 
ment" (with decliners and nondecliners) in such a 
way that homogeneous subgroups can be identified 
for further studies. Again an important aim is predic- 
tion of outcome. The combined efforts of all disci- 
plines involved so far have not come up with a final 
answer. 

Much was expected of quantitative MR techniques. 
These techniques can more precisely indicate that 
with age more white matter than gray matter is lost; 
that increases in relaxation times are more pro- 
nounced in white matter than gray matter; that there 
is an increase of apparent diffusion coefficients in 
both white and gray matter, but more so in white than 
in gray matter, indicating more free water movement 



and change of water content, with consequently loss 
of fractional anisotropy; and that there are decreasing 
magnetization transfer ratios, indicating loss of 
structural integrity of the brain tissue. MRS reveals a 
decrease of N-acetylaspartate, reflecting loss of neu- 
rons and axons. Reduced cerebral perfusion is report- 
ed as measured with MR techniques and PET, with 
unchanged oxygen extraction on PET. Impressive as 
these findings may seem, they have not enabled defi- 
nition of clear cut-off points between successful ag- 
ing, mild cognitive impairment, and progression to- 
wards multi-infarct dementia in the individual case. 



98.2 Pathology 

Reports on the pathological substrate of leukoaraio- 
sis on MRI, either in normal aging or in patients with 
different degrees of cognitive decline, show a wide 
variety of findings. This is not surprising, given the 
bias in the examined populations, which most often 
involve only a small number of patients. In nearly all 
cases gross anatomy shows that the cerebral cortex 
appears normal or shows only minor changes. The 
white matter is either macroscopically normal or 
shows a grayish discoloration, with a rubbery consis- 
tency. White matter volume may be reduced. White 
matter abnormalities may be focal, isolated, or more 
confluent. The basal ganglia do not, as a rule, show 
changes. At microscopy, there are variable degrees of 
ependymal denudation and frontal and peritrigonal 
white matter changes, consisting of loosely struc- 
tured tissue with widened Virchow-Robin spaces. 
The periventricular changes vary from white matter 
pallor (meaning less intensive myelin staining, the 
earliest change in the periventricular white matter, 
without overt demyelination, axonal loss, presence of 
foamy macrophages, or gliosis) to periventricular de- 
myelination (describing overt myelin loss with astro- 
cytic proliferation and in some cases some inflamma- 
tory reaction). The lesions may be patchy or more 
confluent. In more severe cases the periventricular 
and deep white matter changes are continuous. The 
cause of these changes is to be found in vessel wall 
abnormalities. These abnormalities range from non- 
specific intima thickening without narrowing of the 
lumen, to changes in the smooth muscle walls of the 
small vessels leading to gradual narrowing or occlu- 
sion of the small vessels. 
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There is no sharp transition between these rela- 
tively mild changes and the pattern seen in vascular 
dementia patients. In patients with vascular demen- 
tia, there are also lacunar infarctions, involvement of 
the corpus callosum, involvement of the basal ganglia 
(the latter often showing an etat crible or etat lacu- 
naire or both), abnormalities of the transverse fibers 
of the pons, and coagulation necrosis and cavitation 
of the deep white matter. 



98.3 Pathogenetic Considerations 

There are large differences in the estimation of the 
presumed clinical significance of white matter abnor- 
malities in the elderly, and there is a great variability 
in reported histopathological correlates. The most 
prevalent morphological substrate is perivascular 
tissue change. Reasons for the perivascular tissue 
changes are supposed to be the thickening of vessel 
walls (by a number of different causes), damage to 
the surrounding tissue by a waterhammer effect of 
pulsating arterioles with diminished elasticity, and 
perivascular edema resulting from leakage of the 
blood-brain barrier. In a high percentage of cases 
hypertension plays a prominent role, and it is cer- 
tainly a major factor in changing the vessel walls by 
lipohyalinosis and consequently narrowing of the 
lumina of small brain vessels. Several other disorders 
lead to the same result, despite the different material 
deposited in the vessel walls, with amyloid angio- 
pathy, arteriosclerosis, and CADASIL as examples. 
Some factors must be responsible for the selective 
involvement of the periventricular and deep white 
matter as a common finding. Several factors have 
been suggested. 

Chronic hypoperfusion may have a selective influ- 
ence on oligodendrocytes and myelinated axons, as 
was supported by animal experimentation. Experi- 
mental studies of brain ischemia on rat and gerbil 
brains show that both oligodendrocytes and myeli- 
nated axons are highly vulnerable to ischemia and 
that chronic cerebral hypoperfusion leads to progres- 
sive rarefaction and glial activation in the white mat- 
ter. Three hours after carotid occlusion in rats, oligo- 
dendrocytes display characteristics of irreversible 
injury, such as pyknosis and plasma membrane rup- 
ture. Three factors, in these experiments, led to vac- 
uolation of the white matter: intramyelinic fluid accu- 
mulation, enlarged extracellular spaces, and swelling 
of astrocytic processes. These changes precede irre- 
versible neuronal injury, indicating a time-indepen- 
dency of these processes and partly explaining the 
selective vulnerability of white matter in chronic 
hypoperfusion. Animal models, however, cannot easi- 
ly be designed to mimic the age-related changes in the 
human brain and explain the various kinds of pathol- 



ogy and the influence of lesions on neuropsychologi- 
cal functioning. 

The distribution of the lesions may also be ex- 
plained by the unique blood supply to the periven- 
tricular and deep white mater. Arteries originating in 
the arachnoid spaces perforate the brain tissue, run- 
ning from the cortical surface towards the periven- 
tricular white matter. Although De Reuck's hypothe- 
sis (1971) of subependymal border zones has been 
challenged, it remains true that there is a scarcity of 
anastomoses of the large perforating arteries in these 
areas, so that in fact one vessel irrigates only one 
metabolic unit. Recurrent transient drops in cerebral 
blood flow can lead to ischemia in these units, often 
referred to as incomplete infarction. These changes 
may progress in some patients, explaining the whole 
range of abnormalities found in histopathology, from 
white matter sponginess, pallor, patchy demyelina- 
tion, astrocytic proliferation, to more serious changes 
such as coagulative necrosis and cavitation. In this 
view leukoaraiosis is the expression of a diffuse cere- 
bral hypoperfusion of variable severity, in its mildest 
form showing changes in the white matter on MRI 
without pertinent pathological findings other than 
possibly death of oligodendrocytes, and without neu- 
rological and/or neuropsychological deficits, and in 
its most severe form bearing the characteristics of 
subcortical arteriosclerotic encephalopathy. 

Focusing on white matter abnormalities in the 
elderly, population-based studies have tried to identi- 
fy risk factors for both the occurrence of white matter 
hyperintensities on T 2 -weighted images, and factors 
predicting the long-term outcome of members of 
these populations. Not surprisingly, these factors 
include higher age, higher ischemic score on the 
Hachinski scale (0-18), history of stroke, lacunar in- 
farction on MRI, hypertension (systolic >140mmHg; 
diastolic >95 mmHg), male gender, atrial fibrillation, 
coronary artery infarcts, diabetes mellitus, smoking, 
alcohol abuse, drug abuse, hyperhomocysteinemia, 
antiphospholipid antibodies, several coagulation dis- 
orders, the presence of the apolipoprotein E e4 allele, 
and probably other genetic factors. A study involving 
psychiatric patients showed periventricular and deep 
white matter abnormalities in a high percentage of 
patients with major depression. Important as these 



Fig. 98.1. a FLAIR {upper two rows) and T 2 -weighted {lower 
two rows) images of a 64-year-old woman with "benign senes- 
cent memory impairment." The images show hyperintense 
changes in the deep and periventricular white matter and 
basal ganglia. The FLAIR images show the abnormalities with 
greater conspicuity.Clinical and MRI follow-up over the course 
of 4 years did not show any progression (nondecliner) 
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Fig. 98.1. a 
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Fig. 98.1. bThe gradient echo images 
of the same 64-year-old woman show 
hemosiderin deposits, residues of 
microhemorrhagesjn the basal 
ganglia, more prominent on the left 
side,and around the anterior commis- 
sure. CT scan showed no calcifications 



studies are to establish rules for population-based 
prevention, in individual cases they offer only guide- 
lines. 

The overall impression one may develop is that 
leukoaraiosis is too general a concept, so that exam- 
ined populations and selected cases do not form a ho- 
mogeneous entity. Certainly some general rules for 
prevention have been drawn from the research results 
obtained so far, but future research should aim at the 
definition of more homogeneous subgroups to obtain 
better insight in the pathophysiological mechanisms 
underlying the final common visual product leuko- 
araiosis. 



98.4 Therapy 

The development of leukoaraiosis is strongly related 
to age, and secondarily to risk factors. As they get 
older, nearly 100% of people will have white matter 
lesions. At the moment of detection of white matter 
lesions, whether related to neurological or neuropsy- 
chological complaints or as an incidental finding, risk 
factors should be searched for, where possible treated, 
and habits such as smoking, excessive drinking, and 
lack of exercise should be changed. The most impor- 
tant way to take action is by promoting preventive 
measures that would improve the lifestyle and health 
of the general population. 



98.5 Magnetic Resonance Imaging 

With the introduction of CT it became clear that there 
were age-related changes of the brain, amongst them 
more or less extensive periventricular areas of hypo- 
density. MRI showed these changes to better advan- 
tage as hyperintense changes on T 2 -weighted images, 
and later even better on FLAIR images. Many scales 
were developed to grade these signal abnormalities 
and to relate them to neurofunctional deficits, when 



present. The lesions seen on MRI in older individuals 
can be graded as follows: 

• Frontal and occipital caps: white matter hyperin- 
tensity around the frontal horns and the triangu- 
lar area of the ventricles 

• A periventricular 1- to 3-mm-thick rim of high 
signal intensity, best seen on proton density or 
FLAIR images 

(These two findings are considered to be without 
clinical significance and represent areas of looser 
tissue and widened Virchow-Robin spaces) 

• Patchy deep white matter lesions, partly isolated, 
partly confluent 

• Confluent deep white matter hyperintensity, con- 
tinuous with periventricular white matter changes 

• One or a few lacunar infarctions within the affect- 
ed deep white matter 

MR has been used extensively to study the process of 
aging of brain structures in vivo. Pathological studies 
of the brain depict the terminal phases of disease on- 
ly and are limited by the relatively small number of 
samples that can be examined per patient, as a rule in 
the order of 350-450 at most. In contrast, MR data 
about normal aging are abundant and can be used 
as reference data for MR studies in older patients, 
for example to provide normal values per age group 
of ventricular and sulcal width, hippo camp al and 
temporal lobe volume, magnetization transfer ratios 
and histograms, fractional anisotropy, apparent dif- 
fusion coefficients, T x and T 2 relaxation times, region- 
al cerebral blood volume, and metabolite concentra- 
tions. 

General experience is that over the age of 50 years 
one may expect to see white matter abnormalities in 
patients and controls, increasing exponentially with 
age (Figs. 98.1 and 98.2). Population-based studies 
have linked these white matter abnormalities to vari- 
ous risk factors, and also tried to find predictive fac- 
tors that would indicate risks for future strokes and 
cognitive decline. The problem with these studies, 
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Fig. 98.2. FLAIR images of a 71 -year-old man presenting with 
mild apraxia of the left arm and no cognitive impairment. In 
the periventricular white matter hyperintensities a few lacunar 



infarctions are noted.The Trace diffusion-weighted image and 
ADC map {third row, middle and right) show a small recent 
infarction with low ADC values in the right periventricular area 



especially those that include large populations, is 
that only basic MR techniques have been used - T r 
and T 2 -weighted images - without employment of 
techniques that allow a better definition of tissue 
characteristics. The inclusion, for example, of gradi- 
ent echo refocusing pulse sequences would have 
shown the members of these populations with micro- 



hemorrhages (Fig. 98.1) and thus have identified a 
group with possibly a different pathogenesis, other 
risk factors, and different prognosis. Other MR se- 
quences would possibly have led to further differenti- 
ation, for example, on the basis of the estimation of 
tissue integrity with magnetization transfer ratios, or 
on the basis of the change of brain metabolites in 
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Fig. 98.3. 
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Fig. 98.3. {continued). A 62-year-old man without cognitive 
complaints, presenting with left-sided hemianopia.The FLAIR 
images {upper two rows) show hyperintensities consistent with 
normal aging, except for the left parietal lesion, involving cor- 
tex and subcortical white matter. The gradient echo images 
{third row) show a few low-intensity spots in the left parietal 



area, and a single spot in the right parietal area. The fourth row 
shows Trace diffusion-weighted images with b = 1 000;the fifth 
row shows ADC maps. The left parietal lesion is bright on the 
Trace images and has ADC values as low as 0.52 x 1 0~ 3 mm 2 /s, 
confirming the presence of a fresh infarction 



MRS, including the presence of lactate in the lesions. 
Probably the most important MR technique to relate 
the white matter abnormalities to clinical findings is 
perfusion imaging. This allows not only the estima- 
tion of the degree of hypoperfusion in the involved 
areas, but also the reserve capacity of the tissue, giv- 
ing a quantitative measure of the severity of the white 
matter damage. 

In daily routine one will be confronted mainly with 
patients referred for memory disorders and cognitive 
decline. Apart from ruling out rare causes such as 
brain tumors, chronic subdural hematomas, and so 
on, a protocol should be used that will enable assess- 
ment of most of the factors responsible for cognitive 
decline according to present knowledge. This means 
an inventory of cerebral and cerebellar cortical and 
deep gray matter structures, including the hippocam- 
pus and temporal lobe structures, of white matter ab- 
normalities, and of the presence of microhemor- 
rhages (Fig. 98.1). In patients with rapidly progressive 
cognitive decline diffusion-weighted imaging with 
ADC maps should be added to the program (Figs. 98.2 
and 98.3). In centers dedicated to the research of mild 
cognitive impairment, or where vascular factors seem 
to be important, MR angiography should be included. 
MRS and chemical shift imaging may give additional 



information about neuronal and axonal loss, and 
about the presence of lactate, indicating anaerobic 
glycolysis. 

In many patients follow-up studies will be re- 
quired. Postprocessing of data is then also very im- 
portant, to obtain adequate comparable information. 
This will give a clue with respect to the rate of pro- 
gression, and information about the efficacy of thera- 
peutic measures and changes in lifestyle (Fig. 98.4). 

Differential diagnosis is important, because many 
other disorders may present with deep white matter 
abnormalities. Disorders with multifocal and partial- 
ly confluent white matter abnormalities, often accom- 
panied by cognitive impairment, are amyloid an- 
giopathy, CADASIL, multiple sclerosis, cerebral vas- 
culitis, systemic lupus erythematosus, chronic expo- 
sure to organic solvents (housepainter's dementia), 
and several infections including HIV encephalopathy 
and progressive multifocal leukoencephalopathy. In 
Alzheimer disease, in particular in the late-onset 
forms, white matter abnormalities are common. 
Disproportional hippocampal atrophy suggests Alz- 
heimer disease. It is important to realize that more 
and more "mixed" dementias are being recognized, 
caused by a combination of vascular and neurode- 
generative factors. 
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Fig. 98.4. FLAIR images of a 67-year-old woman with mild 
cognitive impairment {first row). The re are white matter hyper- 
intensities in the deep and periventricular white matter and 
corpus callosum, and scattered small lesions in the basal 
ganglia. Images of the same patient 4 years later {second 
row) show progression of the abnormalities, with lacunar in- 
farctions in both hemispheres and the brain stem (not shown). 



Also clinically there was clear progression of the cognitive 
disorder. ADC values in this patient in the centrum semiovale 
had gone up from 0.85-0.95 x 10" 3 mm 2 /s to 1.20-1.25 x 
10 _3 mm 2 /s; fractional anisotropy values changed from 0.450 
to 0.224, indicating loss of structural integrity. MRS showed 
lactate in the lesions in the last examination. All evidence is 
that this patient is a decliner 



Chapter 99 

Subcortical Arteriosclerotic Encephalopathy 



99.1 Clinical Features 

and Laboratory Investigations 

This disease was first described by Binswanger in 
1894 as encephalitis subcorticalis chronica progressi- 
va, later renamed by Olzewski (1962) as subcortical 
arteriosclerotic encephalopathy (SAE). It was be- 
lieved for a long time that the disease was very rare. 
Only a few documented cases appeared in the litera- 
ture before the advent of CT and MRI. CT and, even 
more, MRI have made it clear that white matter ab- 
normalities are frequent in the brains of older pa- 
tients. This has opened a discussion that is still going 
on about the diagnostic criteria for the disease. These 
criteria comprise: 

• A vascular risk factor or evidence of systemic vas- 
cular disease 

• Evidence of focal cerebral disease 

• Evidence of subcortical dysfunction 

• Bilateral deep white matter abnormalities on CT 
or MRI 

• Absence of multiple or bilateral cortical lesions on 
CT or MRI 

• Absence of severe dementia (mini mental scale 
>10) 

The age of onset is between 40 and 60 years and most 
patients have a history of chronic hypertension, often 
poorly controlled, and often one or more vascular in- 
cidents. The patients usually present with a slowly de- 
veloping subcortical frontal dysfunction with loss of 
interest, lack of drive, alternations in mood and per- 
sonality, loss of appropriate social conduct and lack of 
judgment, parkinsonian gait disturbances, urinary 
incontinence, and pseudobulbar palsy. Minor strokes 
may occur with a variable degree of improvement of 
the neurological deficits. Gradually the dementia pro- 
gresses and more neurological symptoms become 
manifest, including dysarthria, clumsiness, distur- 
bances of gait, ataxia and apraxia, and finally pro- 
found global dementia. It may be difficult to distin- 
guish SAE on clinical grounds from Alzheimer dis- 
ease and other vascular dementias. 

There are no specific laboratory markers for the 
disease. Discussion has been going on for a long time 
whether or not SAE is a disease entity, but after the re- 
views of Fisher (1989) and Caplan (1995) there seem 
to be sufficient arguments to do so. 



99.2 Pathology 

Externally the brain in patients with SAE appears 
normal. The brain weight is average. In most cases the 
arteries at the base of the brain show moderate to se- 
vere arteriosclerosis. The lateral ventricles are mod- 
erately to highly enlarged. In advanced cases the cere- 
bral hemispheric white matter appears wrinkled, 
firm, rubbery, and discolored gray or yellow, especial- 
ly in the periventricular, frontal, and parietal regions. 
Histopathologically, the white matter lesions consist 
of partial loss of myelin sheaths, oligodendroglial 
cells, and axons, producing a decrease of the mesh- 
work density of white matter tissue, along with mild 
reactive fibrillary gliosis and sparse macrophages. Ar- 
teriosclerosis is invariably present in these areas of 
incomplete infarction, and there is severe stenosis of 
the smallest vessels by fibrohyalinose material. The U 
fibers are usually spared. The temporal lobes, too, in 
contrast to the findings in CADASIL, are uninvolved. 
Etat crible, widening of the Virchow-Robin spaces, is 
an almost constant feature. Etat crible results from 
spiraled elongation of penetrating arteries and arteri- 
oles in white matter and central gray matter nuclei. 
Blood vessels in areas of etat crible are thickened, 
ectatic, and have sclerotic walls. The perivascular tis- 
sue shows reactive astrocytosis and isomorphic glio- 
sis with glial fibers extending along degenerated ax- 
ons. There is perivascular leakage of serum proteins. 
Multiple lacunar infarctions, etat lacunaire, are also a 
frequent finding. Lacunes are small cavitary lesions 
that result from ischemic strokes due to occlusion of 
penetrating cerebral arterioles. Lacunes predominate 
in the basal ganglia, internal capsule, pons, and cen- 
trum semiovale. Fresh lacunes show necrosis and liq- 
uefaction, followed by absorption of necrotic materi- 
al by fatty macrophages. In the chronic stage an irreg- 
ular cavity remains, whose walls show dense fibrillary 
connective tissue and gliosis. Reabsorption of minute 
hemorrhages may also result in lacunes leaving he- 
mosiderin-filled macrophages in the walls and in the 
vicinity of the lesions. 



99.3 Pathogenetic Considerations 

The main characteristic of SAE is arteriosclerosis 
with narrowing and occlusion of the deep perforating 
cerebral arteries and their branches. These arteries 
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and arterioles are end vessels without collateral circu- 
lation. They form an arterial end and border zone in 
the periventricular region. The cortex and subcortical 
white matter are within the territory of supply of the 
cortical vessels and their leptomeningeal anasto- 
moses. 

SAE is characterized by microinfarctions, focal or 
diffuse demyelination, and gliosis of the periventric- 
ular and deep white matter, in combination with lacu- 
nar infarctions in the basal ganglia and brain stem. It 
is commonly accepted that SAE type encephalopathy 
is caused by ischemia in the distal watershed territo- 
ries described above. The ischemia is the combined 
effect of arteriosclerosis and decreased brain perfu- 
sion from hypotension or low cardiac output. Elonga- 
tion of the medullary arteries with dilatation of the 
perivascular spaces leads to an etat crible. 

There are numerous risk factors underlying these 
changes, such as age, hypertension, hypotension, 
smoking, inadequate diet, and diabetes mellitus. 
A number of genetic factors may also play a role. 
Hyperhomocysteinemia and hyperlipidemia have 
been identified as important risk factors. Effects of 
sustained daytime hypertension, hypertensive crises, 
and the absence of a normal nocturnal dip in blood 
pressure are considered to be particularly damaging. 
Another factor that may play a role in the develop- 
ment and progression of SAE is coagulation activa- 
tion, leading to a hypercoagulable state. In a selected 
group of SAE patients, fibrinogen, thrombin-an- 
tithrombin complex, prothrombin fragments, and 
cross-linked D-dimer were found to be significantly 
increased. Obstructive sleep apnea, which produces 
increased platelet activation, higher epinephrine 
levels with vasoconstrictive effect, and higher blood 
pressure, also plays a role. 

There is little doubt that the changes caused by 
these factors are responsible for the abnormalities 
seen on MRI. That these MRI changes do not neces- 
sarily have the same histopathological background is 
illustrated by the observation that some patients with 
severe periventricular abnormalities on MRI have a 
mild clinical presentation, whereas other patients 
with much less severe MRI abnormalities have ad- 
vanced clinical symptoms. 



99.4 Therapy 

There is no cure for SAE. Whenever hypertension is 
present, treating it may slow down the progress of dis- 
ease. Other risk factors such as hyperlipidemia and 
hyperhomocysteinemia should be treated, and bad 
habits such as smoking and excessive drinking 
should be given up. There is some evidence that in an 
early stage the disease can still be influenced by these 
measures. Some success has been booked with med- 



ication. The robust evidence for the effectiveness of 
cholinergic treatments in Alzheimer disease, and the 
frequent occurrence of mixed dementias, has led to 
the testing of galantamine (Reminyl) in a group of pa- 
tients with SAE. Galantamine has a dual cholinergic 
mode of action, and reduces behavioral symptoms in 
Alzheimer disease. This is the result of its potential to 
modulate systems involving other neurotransmitters 
such as serotonin and dopamine, which affect mood 
and emotional balance. Application of galantamine in 
SAE patients led to significant cognitive improve- 
ment over 6 months, long-term maintenance of cog- 
nition for at least 12 months, and improvement of 
both behavioral and functional symptoms. These da- 
ta suggest a result that is, so far, unsurpassed by other 
drugs or treatment regimens. 



99.5 Magnetic Resonance Imaging 

In patients with presenile dementia and a history of 
hypertension the diagnosis SAE depends on two pa- 
rameters: the clinical establishment of a subcortical 
type of dementia and the establishment of diffuse 
damage to periventricular and deep white matter by 
means of an imaging modality, CT or MRI. In uncom- 
plicated cases of SAE, CT and MRI identify a relative- 
ly well preserved cortex, moderately to more serious- 
ly enlarged ventricles, and a broad area of reduced 
density around the ventricles on CT or, on MRI, a 
zone of high signal intensity on T 2 -weighted and 
FLAIR images, involving the periventricular and deep 
white matter (Figs. 99.1-99.3). The more central le- 
sions, closest to the ventricles, are usually confluent; 
farther away from the center there are often many iso- 
lated lesions of different size (Figs. 99.1 and 99.3). 
Within the confluent areas there may be spots with 
still higher signal intensity on T 2 -weighted images, 
possibly representing infarctions. In some cases small 
cavities are present with low signal intensity on 
FLAIR images, often with a bright rim, as residues of 
lacunar infarctions (Fig. 99.3). In the early phases of 
the disease the U fibers are usually spared (Fig. 99.1). 
In cases of longer standing white matter disorder the 
subcortical fibers may also be partially involved 
(Figs. 99.2 and 99.3). In some cases cortical infarc- 
tions are also seen. Apart from the periventricular 
and deep white matter lesions there are often isolated 
hyperintense lesions scattered throughout the basal 
ganglia, the pons, and midbrain, representing small 
infarctions (Figs. 99.1 and 99.2). Widened Virchow- 
Robin spaces and lacunar infarctions are best seen on 
FLAIR images (Fig. 99.3). The corpus callosum is usu- 
ally less affected than in multiple sclerosis, but this is 
a rule with many exceptions. Sagittal FLAIR images 
will often show involvement of the under layer and 
thinning of the corpus callosum (Fig. 99.3). 
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Fig. 99.1. FLAIR images of a 56-year-old woman. The patient 
had the antecedents of SAE with longstanding hypertension 
and multiple transient ischemic attacks. Her images show 
some of the characteristics seen in CADASIL, with the involve- 



ment of the external capsule and the dark appearance of the 
globus pallidus, but the temporal lobes are not affected. Fami- 
ly history and tests for CADASIL were negative 



Standard MRI series are fully capable of displaying 
most of the cerebral abnormalities. Fast imaging se- 
quences can often be used to advantage. FLAIR is very 
useful to show older lacunar infarctions and enlarged 
perivascular spaces within the affected white matter 
and the basal ganglia as spots with low signal intensi- 
ty, and to show the demarcation of the ventricles from 
the periventricular abnormalities. FLAIR is also use- 
ful when estimation of lesion load is required in re- 
search programs. Gradient refocused images should 
be standard in a MR protocol for dementing illnesses 
in the older age group, because they will show spots 
with high magnetic susceptibility, representing he- 
mosiderin deposits in microhemorrhages. They are 
found in a high percentage of patients with SAE and 
in many other vascular disorders. Diffusion-weighted 
imaging may be helpful in identifying fresh infarc- 
tions, which will otherwise be lost in the brightness of 
the lesions that probably represent old infarctions, 
myelin loss, and gliosis. MRS usually shows decrease 



in AT-acetylaspartate and, in some cases, presence of 
some lactate. 

The differential diagnosis includes in the first 
place periventricular and deep white matter changes 
which occur in normal elderly people with varying 
severity. The differentiation from normal pressure 
hydrocephalus may be difficult when the ventricles 
are greatly enlarged. Additionally, the combination of 
SAE and normal pressure hydrocephalus seems very 
possible. Stiffening of the walls of the ventricles in 
SAE may even play a role in the pathogenesis of nor- 
mal pressure hydrocephalus. Other vascular diseases 
such as amyloid angiopathy and CADASIL have to be 
considered. Unlike CADASIL, patients with SAE do 
not have prominent abnormalities in the external and 
extreme capsules and the anterior temporal lobes, 
although the images may show some similarities 
(Fig. 99.1). Rarer are vasculitides, Fabry disease, Lyme 
disease, HIV infection, leukoencephalopathy after 
chemotherapy or radiotherapy, and toxic encephalo- 
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Fig. 99.2. A 58-year-old man with progressive subcortical de- 
mentia and transient ischemic attacks. The T 2 -weighted series 
shows a periventricular leukoencephalopathy extending into 
the centrum semiovale, in some areas also involving the U 



fibers. Small lesions are seen in the left cerebellar hemisphere. 
Diffuse hyperintensities are present in the pons. There are 
small, punctate lesions in the basal ganglia and in the corpus 
callosum 



Fig. 99.3. A 64-year-old man with more advanced dementia 
and a history of hypertension and transient ischemic attacks. 
The axial FLAIR images {first and second rows) show ventricu- 
lomegaly, periventricular leukoencephalopathy, and promi- 
nent white matter atrophy. Etat crible of the basal ganglia is 



visualized. The sagittal FLAIR images {third and fourth rows) 
show more clearly the involvement of the corpus callosum 
and the fornix, both thinned and partly hyperintense.The etat 
crible of the basal ganglia is beautifully seen 
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Fig. 99.3. 
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pathies. In general, vascular diseases share a pattern and often also brain stem lesions. The presence of 

of irregularly confluent periventricular white matter small lacunes adds to the suspicion of a vascular dis- 

abnormalities with often multiple isolated lesions at order, 
the periphery, multifocal lesions in the basal ganglia, 



Chapter 100 

Vasculitis 



100.1 Introduction 

The term "vasculitis" refers to inflammation of the 
vessel walls. There are many causes of vasculitis, but 
they result in only a few histological patterns of vas- 
cular inflammation, of which necrotizing vasculitis 
and granulomatous reaction are the most prominent. 
Because vessels of any type in any organ can be affect- 
ed, there are a wide variety of clinical manifestations. 
This, combined with etiological nonspecificity of the 
histological lesions, complicates the diagnosis of 
vasculitis. The past few decades have seen important 
progress in this field, enabling a laboratory diagnosis 
in some cases. A good example is the discovery 
in 1982 of the anti-neutrophil cytoplasm antibodies 
(ANCAs), subdivided into a perinuclear form 
(pANCA), related to Churg-Strauss syndrome and 
microscopic polyarteritis, and a cytoplasmic form 
(cANCA), related to Wegener disease. The blood tests 
for these antibodies are now widely available, but they 
need careful application and interpretation. Other 
findings, such as the detection of anti-neuronal anti- 
bodies, anti-centromere antibodies, and anti-phos- 
pholipid antibodies (APLA),have shed some light on 
the pathophysiology of a number of disorders and 
have demonstrated a link between systemic lupus 
erythematosus (SLE) and Sneddon disease. Many 
more autoantibodies have been identified and they 
may help in better understanding the complex 
pathology underlying these disorders. Despite these 
discoveries the diagnosis of vasculitis remains often 
difficult, in particular in the primary vasculitides of 
the CNS. 



To organize the discussion we suggest the follow- 
ing classification: 

A sub classification that may be helpful in reaching 
a diagnosis is division according to the size of vessels 
affected by the disorder, even though there is a con- 
siderable overlap. Takayasu disease and giant cell ar- 
teritis affect large vessels; primary angiitis of the CNS 
and polyarteritis nodosa affect medium-sized vessels; 
Wegener granulomatosis, Churg-Strauss syndrome, 
rheumatoid disorders, SLE, microscopic polyarteritis, 
scleroderma, and many other vasculitic disorders in- 
volve small vessels: arterioles, capillaries, and 
venules. Behcet disease involves all types and sizes of 
vessels, arterial or venous (Fig. 100.1). 



100.2 Clinical Presentation 

and Laboratory Findings 

As in all relapsing multifocal disorders that may affect 
both gray and white matter, the clinical manifesta- 
tions of the disease depend on the localization of the 
abnormalities, progression over time, and the nature 
of the disease. Symptoms may be neurological or psy- 
chiatric or both, and cognitive deterioration may be 
the leading feature. When the cerebral manifestations 
are part of a systemic disorder the diagnosis may be 
easier, unless the cerebral symptoms are the first or 
only manifestation. 

Clinically there are many factors to consider: age, 
gender, presence of skin lesions, involvement of other 
organs (in particular kidneys, lungs, and paranasal si- 
nuses), medication, drug abuse, and neurological 



Fig. 1 00.1 . Different vasculitic disorders may 
preferentially attack blood vessels of a particular 
size. AS, arteriosclerosis; cAA, cerebral amyloid 
angiopathy; CADASIL, cerebral autosomal 
dominant arteriopathy with subcortical infarcts 
and leukoencephalopathy; PACNS, primary 
angiitis of the CNS; PAN, polyarteritis nodosa; 
MPAN, micropolyarteritis nodosa; SLE, systemic 
lupus erythematosus 



AS 



Takayasu 




CADASIL, cAA, 
SLE, sarcoidosis 



intravascular lymphomatosis 
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Table 1 00.1 . Classification of CNS vasculitis (including nonvas- 
culitic disorders that may present with similar pathology to 
some of the vasculitides) 

Primary vasculitis of the CNS 

Granulomatous angiitis of the CNS 

(primary angiitis of the CNS) 
Giant cell arteritis (arteritis temporalis) 
(Benign primary angiitis of the CNS) 

Secondary vasculitis of the CNS 

Systemic vessel wall disease 

Takayasu arteritis 

Polyarteritis nodosa 

Moyamoya syndrome 
Autoimmune-mediated disorders 

Rheumatoid arteritis 

Systemic lupus erythematosus 3 (SLE) 

Sneddon disease 3 

Anti-phospholipid antibody (APLA) syndrome 

Sjogren disease 

Scleroderma 

Neurosarcoidosis 

Wegener granulomatosis' 3 

Churg-Strauss syndrome 13 

Microscopic polyarteritis' 3 

Behcet disease 
Infectious vasculitis 

Borreliosis (Lyme disease) 

Lues 

Tuberculosis 

Varicella-zoster 

Herpes zoster ophthalmicus (delayed hemiplegia) 
Drug-related vasculitis 

Aminopenicillins Ergot alkaloids 

Allopurinol lnterleukin-2 

Retinoids Methylphenidate 

Quinolones Penicillin 

Cocaine, heroin, amphetamines, ecstasy 

Disorders primarily obstructing the vascular lumen c 

Disorders of coagulation 
Intravascular lymphomatosis 
Sickle cell disease 

a APLA-related disorder. 
b ANCA-related disorder. 
c Disorders that may present with similar pathology to some 

of the vasculitides, but have an endoluminal cause and often 

require different treatment. 



signs, including cognitive deterioration, focal cortical 
symptoms, stroke-like episodes, etc. 

Relevant laboratory tests include erythrocyte sedi- 
mentation rate, complement activation, immune sta- 
tus and antibodies in blood and CSF, protein and cell 
content of the CSF, and assessment of coagulation fac- 
tors. All these items may be unrevealing, even in his- 
tologically confirmed cases of vasculitis. 

MRI may play an important role, even though the 
abnormalities found on MRI are usually not diagnos- 
tic. It is rare, however, that cerebral vasculitis exists 
with a negative MRI. A normal MRI should even lead 
to reconsideration of the diagnosis. MRA may be 
helpful in showing the vascular abnormalities, but 
special contrast-enhanced techniques should be 
used. Intra-arterial DSA may be helpful in some cas- 




Fig. 100.2. Intra-arterial DSA of the right internal carotid 
artery in a 37-year-old woman with biopsy-proven granulo- 
matous angiitis of the CNS,showing the irregular size of the lu- 
men of the posterior temporal artery. Other vessels also show 
irregular borders 



es, for example, in moyamoya syndrome, Takayasu 
disease, and infectious vasculitis. In quite a number of 
cases a leptomeningeal or brain biopsy will still be re- 
quired, especially in primary angiitis of the CNS, to 
ascertain the diagnosis. However, this is not full proof 
either. 

The most important features and data of the differ- 
ent forms of vasculitis will be briefly reviewed. 



1 00.2.1 Primary Vasculitis of the CNS 

Granulomatous angiitis (also primary angiitis of the 
CNS, PACNS) is the most important representative of 
primary vasculitides of the CNS. The presenting clin- 
ical signs of granulomatous angiitis are nonspecific, 
often suggesting global dysfunction of the CNS. Acute 
or subacute onset confusion, headache, change of per- 
sonality, paresis, cranial neuropathy, or loss of con- 
sciousness are often presenting signs but as such non- 
specific. The most frequent presenting symptoms of 
granulomatous angiitis are headache (68%), paresis 
(56%), and confusion (55%). In almost 25% of the 
patients fever and elevated blood pressure are noted. 
Dermatological abnormalities are rare. Funduscopy 
reveals vascular changes in 25 % of patients. 

The erythrocyte sedimentation rate is in most cas- 
es elevated. CSF pressure is usually increased, and 
CSF is nearly always abnormal with increased total 
protein, lymphocytic pleocytosis, and in 30% of the 
patients decreased glucose levels. 
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Fig. 100.3. T r weighted images with 
contrast {first row) of a 46-year-old 
woman with granulomatous angiitis 
of the CNS, showing an enhancing 
infarction in the right parietal lobe. 
MRA {second row) shows rapid and 
irregular tapering of the more distal 
branches of the middle and posterior 
cerebral arteries 




Postmortem examination of brain tissue and ex- 
amination of brain biopsy material show an inflam- 
matory process of small arteries and arterioles, pref- 
erentially involving deep white matter and lepto- 
meningeal vessels. Intima proliferation and fibrosis 
are frequent, with multinuclear giant cells of the Lang- 
hans type and foreign body type. In comparison with 
the other vessel layers, the media is relatively spared. 
Granulomata with macrophages and lymphocytes are 
present. The cause of the disease is unknown. 

MRI and angiography are helpful in revealing the 
CNS lesions, consisting of multiple white and gray 
matter lesions and changes of caliber in the cerebral 
vessels (Figs. 100.2 and 100.3). MRA is usually not 
informative, but may show vascular irregularities 
(Fig. 100.3). The MRI pattern is not specific, but may 
suggest a vasculitis by a combination of multiple 
white and gray matter lesions and infarctions of dif- 
ferent sizes (Fig. 100.4). Diffusion- weighted imaging 
may show lesions with high signal intensity and low 
ADC values, representative of infarctions. 

Without treatment the disease is usually fatal. 
However, granulomatous angiitis responds to high- 
dose steroids and cytotoxic agents such as cyclophos- 
phamide and azathioprine. 



Giant cell arteritis or arteritis temporalis usually 
occurs in patients, male and female, who are over the 
age of 55 years. It often involves the superficial tem- 
poral arteries, which become swollen, tortuous, ten- 
der, and nodular. Pulsations are usually diminished. 
Eventually the vessels become hardened and shrink. 
Clinical problems most often consist of acute visual 
failure of one eye. Signs of CNS dysfunction are rela- 
tively rare. However, all larger and medium-sized ves- 
sels of the head and neck may become involved. Of 
particular interest are the carotid, vertebral, and oph- 
thalmic arteries, including the ciliary arteries and the 
central artery of the retina. The cervical portions of 
the carotid and vertebral arteries are usually in- 
volved, the intracranial arteries to a lesser extent, and 
the spinal arteries least of all. 

The erythrocyte sedimentation rate is in most cas- 
es elevated. Histologically segmental, multifocal pa- 
narteritis is found. The intima of the vessels is thick- 
ened by subendothelial fibrosis, narrowing or occlud- 
ing the lumen. The internal elastic lamina is severely 
but irregularly fragmented. The media is infiltrated 
by small and large mononuclear cells, some of the ep- 
ithelioid type. Giant cells of either Langhans or for- 
eign body type are almost invariably present, either in 
the media close to the damaged internal elastic lami- 
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Fig. 100.4. A 57-year-old woman with multiple stroke-like vascular territory, similar to what is seen in MELAS. A mito- 



episodes over the years. FLAIR images show a large temporo- 
parieto-occipital infarct on the right side and several lesions in 
the left hemisphere, with some focal cortical atrophy. Note 
that the distribution of the infarction does not reflect a single 



chondrial disorder was ruled out and the diagnosis granulo- 
matous angiitis of the CNS was established. Courtesy of Dr. M. 
Heitbrink and Dr. B. Wiarda, Department of Radiology, Medical 
Center Alkmaar,The Netherlands 



na or in the adjacent intima. With healing there is 
scarring and occasionally aneurysm formation. In 
some cases the vessels are occluded by organizing 
thrombus. 

MRI will show intracerebral lesions, but there is 
no specific pattern. MRA usually lacks resolution to 
visualize the abnormal vessels. Intra-arterial DSA 
may be more helpful in showing the diseased vessels. 
Diagnosis, however, is usually established by biopsy 
of the temporal vessels. A negative biopsy does not 
exclude the diagnosis. 

Therapy includes the use of corticosteroids and 
immunosuppressives. 

Benign primary angiitis of the CNS is best charac- 
terized as a self-limiting form of granulomatous angi- 
itis of the CNS. This, of course, is a diagnosis a poste- 
riori, because there are no criteria by which to distin- 
guish progressive forms from nonprogressive. 



1 00.2.2 Secondary Vasculitis of the CNS 

100.2.2.1 Systemic Vessel Wall Disease 

Takayasu arteritis affects the aortic arch and its 
branches, in particular in young women of Asiatic 
origin. The smaller intracranial vessels are usually 
not involved. The neurological symptoms are variable 
because they depend on the extent of the blood vessel 
abnormalities, in particular the involvement of the 
carotid and vertebral arteries. Visual problems are 
relatively frequent, most often as one-sided amauro- 
sis fugax. Many other neurological symptoms are 
possible, including hemiparesis, aphasia, cranial 
nerve palsies, coordination problems, and vertigo. 

Laboratory investigations are unrevealing. Histo- 
logically there are lesions in the media and adventitia 
of the vessels, but they are predominant in the adven- 
titia. The lesions demonstrate collagenous prolifera- 
tion and perivascular lymphocyte infiltration. The 
media shows an inflammatory granulomatous re- 
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Fig. 100.5. Two intra-arterial DSA images {left) of Takayasu 
disease. On the left-hand image the narrowing of the neck ves- 
sels is clearly visible. The selective injection of the subclavian 



artery {middle) shows irregular narrowing of the arteries. The 
MRA image on the right shows narrowing and wall irregulari- 
ties of the subclavian arteries and the neck arteries 



action, narrowing the lumen. The cerebral lesions 
are secondary to either diminished perfusion or em- 
boli. 

MRA, especially contrast-enhanced MRA of the 
aortic arch and branches, is now fully capable of mak- 
ing an inventory of all involved vessels (Fig. 100.5). 

Treatment consists of corticosteroids, immuno- 
suppressives, and, where necessary, interventional ra- 
diology or vascular surgery for bypasses, stent place- 
ment, and transposition of vessels. 

In polyarteritis nodosa CNS manifestations usually 
develop in patients who have had systemic disease for 
several years, in particular with involvement of the 
kidneys and the lungs. Clinically two main groups of 
CNS involvement can be distinguished: one with gen- 
eral signs of CNS involvement, including changes of 
consciousness and epileptic seizures; the other with 
focal or multifocal signs, including ataxia, aphasia, 
hemiparesis, sensory disorders, ophthalmoplegia, 
and visual disorders. The most common neurological 
presentation is polyneuropathy. 

The erythrocyte sedimentation rate is often but 
not always increased. CSF is usually normal. Histolog- 
ically the small arteries and arterioles are most often 
affected, especially in the leptomeninges, the deep 
white and gray matter, and the choroid plexus. The af- 
fected vessels show fibrinoid or hyaline necrosis of 
the media and destruction of the internal elastic lam- 
ina. Inflammatory granuloma affects the entire thick- 
ness of the vessel wall, with secondary intima lesions, 
eventually obstructing the vessel lumen. Segmental 
vessel wall necrosis may lead to the formation of 



small aneurysms. The parenchymal lesions are small 
infarctions, multiple and disseminated, sometimes 
hemorrhagic. Part of the periarteritis nodosa group is 
abuse-associated vasculitis, best described in intra- 
venous methamphetamine users, and hepatitis B 
virus-associated vasculitis. In these cases, too, the dis- 
order is systemic. 

MRI shows the cerebral involvement as multiple 
white and gray matter lesions, both lacunar and terri- 
torial infarctions. High-resolution MRA may also 
show vascular abnormalities. 

Moyamoya syndrome, {moyamoya meaning "puff 
of smoke") was long considered an ethnic disease 
limited to patients of Japanese ancestry. Today, how- 
ever, it is clear that the disease occurs in Europe and 
America as well. The disease is a progressive arteritis 
of the supraclinoid portion of the carotid arteries, 
eventually leading to complete occlusion. The disease 
usually starts at a young age, rarely under the age of 
10 years. The fact that the disease is limited to the 
carotid arteries has led to the suggestion that the dis- 
ease is related to a defect in embryogenesis, which is 
different for the carotid arteries from what it is for the 
vertebrobasilar system. In the later phases an exten- 
sive collateral circulation characteristically develops, 
partly via external carotid arteries, partly via the pos- 
terior cerebral artery circulation. 

Laboratory investigations are unrevealing in moya- 
moya syndrome. Histopathological examination in 
moyamoya syndrome reveals that the principal alter- 
ations are stenosis and occlusion of the distal por- 
tions of the internal carotid arteries and the proximal 
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Fig. 1 00.6. FLAIR images of a 9-year-old boy with moyamoya 
syndrome and multiple cortical infarctions {first fwo rows). The 
image pattern is similar to what is seen in MELAS, but the im- 
ages through the basal ganglia suggest the presence of many 
abnormal vessels. The third row shows the source images of 
the MRA, revealing the abundance of small and very small ves- 
sels all through the brain, reflecting the collateral circulation, 



most intensive in the basal ganglia. The intra-arterial DSA of 
the left internal carotid artery {fourth row, next page) shows 
the typical changes of moyamoya syndrome with a "puff" of 
abnormal vessels in the center. The later phase {fifth row) 
shows the remaining circulation via the posterior cerebral 
artery, with the collateral "puff of smoke" in the basal ganglia, 
and the leptomeningeal collaterals in the parietal lobe 



parts of the anterior and middle cerebral arteries. 
This is combined with numerous dilated, thin-walled 
collateral arteries branching from the posterior parts 
of the circle of Willis. In the stenotic arteries the 



intima shows massive fibrous thickening, without 
atheromatous features. The internal elastic lamina is 
usually preserved but extremely wavy and often du- 
plicated or triplicated. The media is atrophic. There is 
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Fig. 100.6. {continued). 




no inflammatory infiltration, but thrombosis, re- 
canalization, and aneurysm formation may occur. 

The diagnosis can be established with radiological 
techniques. The anastomoses via lenticulostriate 
arteries in the basal ganglia give rise to the typical 
appearance of a cloud ("puff of smoke") on intra-ar- 
terial DSA (Fig. 100.6), whereas on MRI the usual ap- 
pearance is of multiple infarctions, both territorial 
and hypoperfusion-related border zone infarctions. 
Either the cortex or the cerebral white matter is prin- 
cipally affected (Figs. 100.6 and 100.7). On high-reso- 
lution images multiple dilated small vessels may be 
visible in the basal ganglia (Figs. 100.6 and 100.7). In 
advanced cases there may be dilated small vessels 
scattered throughout the brain. 



There is no real cure for the disease, but microvas- 
cular surgery may help to restore some of the perfu- 
sion by vascular anastomoses 

100.2.2.2 Autoimmune-Related Disorders 

The rheumatological syndromes associated with CNS 
disease due to vasculitis include a broad spectrum of 
autoimmune diseases. At one end of this spectrum 
one finds organ-specific diseases with organ-specific 
antibodies, for example Hashimoto disease of the thy- 
roid. In the middle of the spectrum the lesions tend to 
be localized in one organ but the antibodies are not 
organ-specific. A typical example is primary biliary 
cirrhosis, where the small bile ductules are the main 
target of inflammatory cell infiltration but the serum 
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Fig. 100.7. 
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Fig. 100.7. A series of T 2 -weighted images {first and second 
rows) of a 9-year-old boy with moyamoya syndrome.There are 
extensive white matter abnormalities in the deep white mat- 
ter of the cerebral hemispheres suggesting a leukodystrophy. 
Note that within the abnormal white matter many punctate 
lesions are present, with high signal intensity in parts and low 
signal intensity in others. The blown-up image of the basal 
ganglia shows this to better advantage {third row, left). The ax- 
ial and sagittal T r weighted images {third row, middle and 
right) show that there is an abundance of small abnormal ves- 
sels in the brain parenchyma. The source images of the MRA 
and the MRA itself {fourth row) confirm this. The MRA demon- 
strates that the large cerebral arteries are occluded. Note the 
contribution of external vessels to perfusion of the cerebral 
parenchyma on the left side of the image. The intra-arterial 
DSA confirmed the diagnosis of moyamoya syndrome 



antibodies, mainly antimitochondrial, are not organ- 
specific. At the other end of the spectrum the disorder 
is not organ-specific; lesions and antibodies are not 
confined to a single organ. In SLE, and many other 
autoimmune disorders, lesions are seen in the skin, 
renal glomeruli, joints, serous membranes, and blood 
vessels. 

Rheumatoid disease with CNS vasculitis is a rela- 
tively rare occurrence. In all patients joint disease 
is apparent. Patients may have had demonstrable 
rheumatoid arthritis for between 1 and 30 years prior 
to the onset of their neurological problems. CNS dis- 
ease manifests itself nonspecifically by a multitude of 
possible neurological signs and symptoms, including 
seizures, dementia, hemiparesis, cranial nerve palsies, 
blindness, cerebellar ataxia, and dysphasia. 




Fig. 100.8. The transverse and coronal FLAIR images of a 
9-year-old boy presenting with progressive dementia show 
multiple, mainly cortical infarctions. The MRI would be com- 



patible with a diagnosis of MELAS. In this case the clinical and 
laboratory diagnosis was SLE 




Fig. 100.9. The FLAIR images of a 25-year-old woman with a 
multiple sclerosis-like presentation show an MRI pattern com- 
patible with this diagnosis. Shortly after the MRI she was diag- 



nosed with SLE. Courtesy of Dr. M. Driessen-Kletter, Depart- 
ment of Neurology, Twenteborg Hospital, Almelo, The Nether- 
lands 
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Fig. 100.10. 
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Fig. 100.10. {continued). Images of a 50-year-old female pa- 
tient with SLE.The upper row of T] -weighted images show high 
signal intensity in the basal ganglia, the pulvinar, and the den- 
tate nucleus. The T 2 -weighted images {second and third rows) 
demonstrate a broad rim of hyperintensity around the lateral 
ventricles. The basal ganglia, pulvinar, dentate nucleus, and 
multiple areas of the cortico-subcortical junction appear 



very dark, suggesting calcium deposits. Gradient echo images 
{fourth row) show hypointensity in the same areas.The CT im- 
ages {fifth row) confirm that there are massive calcifications in 
these areas. Note that the corpus medullare of the cerebellum 
is also calcified. Courtesy of Dr. E. Gut, Department of Neuro- 
radiology, Kliniken Schmieder, Allensbach, Germany 



Serum rheumatoid factors are present and the ery- 
throcyte sedimentation rate is elevated. Histological 
examination reveals in a number of cases amyloid de- 
posits together with signs of vasculitis. 

MRI is nonspecific and in most cases shows scat- 
tered white matter lesions, sometimes mimicking 
multiple sclerosis. The presence of systemic abnor- 
malities will in most cases suggest the diagnosis. 

Therapy of rheumatoid disorders is often complex 
and may include antiphlogistic medication, corticos- 
teroids, immunosuppressives, cytokines and many 
supportive measures. 

Systemic lupus erythematosus (SLE) is a chronic, 
relapsing-remitting disease, with variable involve- 
ment of different organ systems. The disease occurs 
preferentially in adolescent and young adult women. 
Frequent findings include malar rash (butterfly rash), 
nonerosive arthritis involving multiple joints leading 
to tenderness, swelling, and effusion, serositis of pleu- 
ra or pericardium, renal abnormalities, Raynaud 
phenomenon, lymphadenopathy, and gastrointestinal 
complaints. Cerebral involvement often presents with 
neuropsychiatric symptoms. Neurological disease is 
the second or third leading cause of death after renal 
disease. Neurological manifestations usually follow 
systemic manifestations by more than a year. The 
symptomatology is related to the site of CNS involve- 
ment. Also, there may be spinal cord involvement with 
transverse myelitis. 

There are criteria for the diagnosis of SLE (Ameri- 
can College of Rheumatology), which contain both 
clinical symptoms and more or less specific laborato- 
ry findings, such as hemolytic anemia with reticulo- 



sis, lymphopenia, elevated anti-DNA antibodies, false 
positive test to syphilis (VDRL), complement activa- 
tion, and an abnormal titer of autoantibodies, such as 
lupus anticoagulant, anti-cardiolipin and other 
APLA. Immune complexes and diminished levels or 
altered metabolism of the fourth component of the 
complement cascade have been found in the CSF of 
patients with CNS disease. Antibodies to neuronal 
antigens, often cross-reacting with lymphocytic anti- 
gens, are preferentially seen in the serum and CSF of 
patients with neurological manifestations. The prin- 
cipal diagnostic test for the disease is the presence of 
antinuclear antibodies; antibodies against double- 
stranded native DNA are specific for SLE. 

Histological true vasculitis of the CNS is rare, but 
vasculopathic changes are common. Microscopic 
changes are most marked in small vessels and consist 
of acute fibrinoid necrosis and marked thickening of 
the vessel wall with minimal inflammatory cell infil- 
tration. Some vessels are occluded by thrombi with 
corresponding microinfarcts. Autoimmune factors 
that play a role in the cerebral vascular changes in SLE 
have been identified as lupus anticoagulant, APLA, 
and anti-cardiolipin antibodies. They link SLE with 
the pure anti-phospholipid syndrome and with Sned- 
don disease, which is probably a variation of the anti- 
phospholipid syndrome. 

Many different MRI patterns can be encountered in 
SLE. Sometimes the MRI pattern mimics MELAS, 
showing mainly cortical infarctions (Fig. 100.8). 
Sometimes it mimics multiple sclerosis (Fig. 100.9). In 
other cases there are more widespread white matter 
lesions (Figs. 100.10 and 100.11). In some patients se- 
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Fig. 1 00.1 1 . A 56-year-old woman with a long history of com- 
plicated SLE.There is symmetrical involvement of the cerebral 
hemispheric white matter, the anterior and posterior limbs of 
the internal capsule, the external capsule, the thalamus (espe- 
cially the pulvinar), the midbrain, pons, middle cerebellar pe- 



duncles, the hilus of the dentate nucleus, and the peridentate 
white matter. Courtesy of Dr. R. Schiffmann, Developmental 
and Metabolic Neurology Branch, National Institutes of Health, 
Bethesda, Maryland, USA 



vere involvement of the basal ganglia is seen, a pattern 
that has to be differentiated from central venous 
thrombosis. In still other patients there is extensive 
calcification of the basal ganglia, dentate nucleus, cen- 
trum semiovale, and cortico-subcortical junction 
(Fig. 100.10). Enhancement may occur in active le- 
sions. In some cases, despite neuropsychiatric symp- 
toms, conventional MRI is normal. In those cases esti- 
mation of magnetization transfer histograms may de- 
tect abnormalities, without otherwise visible lesions. 

Therapy is usually with corticosteroids and im- 
munosuppressives. 

Sneddon syndrome is characterized by a combina- 
tion of generalized livedo racemosa (or reticularis), a 
cutaneous condition featured by a reddish-purple 
reticulated pattern predominantly present on trunk 
and extremities, and diffuse intravascular coagula- 
tion leading to cerebrovascular manifestations. The 
skin abnormality is not specific, but may be also be 
associated with polyarteritis nodosa, SLE, rheuma- 



toid arthritis, thrombocytopenic purpura, and poly- 
cythemia. At an early age the patients develop cere- 
brovascular manifestations, including larger and 
smaller arterial territorial infarctions, with severe 
neurological consequences and often cognitive dete- 
rioration. 

Sneddon syndrome is linked with the presence of 
anti-cardiolipin antibodies (one of the APLA), and 
therefore Sneddon syndrome may be regarded as 
belonging to the APLA-related disorders. However, 
the presence of APLA is highly variable in Sneddon 
disease (41% positive). In APLA-positive patients, 
audible mitral regurgitation is observed more fre- 
quently. There is a close relationship between Sneddon 
syndrome, SLE, and "pure" APLA syndrome. It has 
been suggested that Sneddon syndrome might cover 
a continuum of various clinical and biological enti- 
ties, ranging from APLA-related SLE patients, to pri- 
mary APLA-positive patients, and Sneddon syn- 
drome in the middle. 
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Fig. 100.12. Gradient echo images of 
two patients with Sneddon syndrome. 
The upper two images are of a 53-year- 
old woman who has suffered multiple 
infarctions in the past. She is now 
wheelchair-bound and suffering from 
progressive cognitive impairment.The 
lower two images are of a 42- year-old 
woman who has also suffered multi- 
ple transient ischemic attacks and 
permanent infarctions. She also has 
impairment of cognitive functions. 
In both women there is ventricu- 
lomegaly.The gradient echo images 
show the preferential occurrence of 
the hemorrhages at the surface of the 
brain and the ependymal lining.This is 
not often seen in other vasculitides. 
The superficial hemorrhages result in 
focal superficial hemosiderosis.The 
black rim around the brain stem in the 
upper images is also caused by hemo- 
siderin. In the lower images punctate 
black dots are seen nearly everywhere 
in the brain, reflecting microhemor- 
rhages 




Nonspecific laboratory findings include an elevat- 
ed erythrocyte sedimentation rate. The finding of 
APLA in addition to typical skin abnormalities con- 
firms the diagnosis. 

Histopathologically Sneddon syndrome particu- 
larly attacks small cortical arteries. Infarctions are, 
therefore, most often located in cortical areas. They 
are often hemorrhagic, and hemosiderin deposits are 
also found in the leptomeninges. 

MRI shows a variable number of smaller and larg- 
er infarctions, in which cortical involvement is most 
prominent. With gradient echo techniques multiple 
hemosiderin deposits with extensive superficial he- 
mosiderosis is the most common finding. In our ex- 
perience this finding is more constant in Sneddon 
syndrome than in other vasculitides (Fig. 100.12). 

Treatment according to the guidelines for SLE and 
APLA syndrome is the rule. 

Anti-phospholipid antibody syndrome. Anti-phos- 
pholipid antibodies (APLA) are antibodies against 
phospholipids and are found in a variety of clinical 
disorders. The discovery of APLA followed the obser- 
vation that in a patient with SLE the activated partial 
thromboplastin time (aPTT) was prolonged (lupus 
anticoagulant). Despite this, patients with high levels 
of APLA do not develop hemorrhagic complications 



unless they also have thrombocytopenia. On the con- 
trary, patients present with a hypercoagulative state 
which leads to thrombotic complications, stroke, my- 
ocardial infarctions, dementia, and fetal loss. 

APLA syndrome is found in up to 30-50% of pa- 
tients with SLE. Patients without SLE or other sys- 
temic disease can also develop APLA syndrome, re- 
ferred to either secondary or primary or pure APLA 
syndrome. Children may develop secondary APLA 
syndrome during viral infections. Up to 30% of pa- 
tients with HIV-infection develop secondary APLA 
syndrome. "Pure" APLA syndrome occurs in patients 
without any of these antecedents. 

Venous thrombosis is a relatively frequent occur- 
rence in APLA syndrome. About 30 % of patients with 
APLA syndrome acquire deep venous thrombosis. In 
patients with APLA syndrome and SLE the figure is 
even 40%. In drug-induced or parainfectious APLA 
syndrome it is less than 5 %. Patients with APLA syn- 
drome may prove difficult to treat for venous throm- 
bosis and they have a high rate of recurrence. In 
young adults with APLA syndrome there is an in- 
creased risk of arterial disease, leading to myocardial 
infarctions, stroke, and a higher incidence of periph- 
eral vascular occlusions. In addition to brain damage 
by territorial infarctions, patients often present with 
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early-onset dementia, the average age at onset being 
52 years. In these patients there is usually no history 
of major strokes. Associated findings include livedo 
racemosa, Raynaud phenomenon, superficial throm- 
bophlebitis, cardiac valve vegetations, and mitral re- 
gurgitation. 

Laboratory testing for APLA syndrome is complex 
and several subtests are involved. There is no simple 
screening test for the condition. Testing should be 
done when one or more of the major clinical manifes- 
tations occur: arterial or venous thrombosis, throm- 
bocytopenia, or frequent miscarriages. Primary 
APLA syndrome patients are more often male, and 
have a low titer of anti-nuclear antibodies. 

MRI can, with the appropriate techniques, demon- 
strate the involvement of the CNS. MRI shows white 
matter abnormalities, suggestive of small vessel dis- 
ease. Apart from the white matter involvement, le- 
sions usually extend into the cortical layers. In fresh 
infarctions diffusion-weighted imaging is helpful. 
Gradient echo sequences will show microhemor- 
rhages when present. 

Therapeutically one has to be aware that, although 
APLA syndrome is considered to be an autoimmune 
disease, immunosuppressive therapy does not pre- 
vent recurrent thrombosis, fetal loss, or neurological 
syndromes and should therefore not be considered. A 
possible exception to this rule is the treatment of cat- 
astrophic cases, in which also plasmapheresis may be 
attempted. In thrombotic forms anticoagulant thera- 
py is usually the treatment of choice. 

In Sjogren syndrome, an autoimmune disorder, 
neurological complications are not uncommon, most 
often affecting the PNS. CNS involvement is reported 
in 25-30% of the patients, presenting as trigeminal 
neuropathy, recurrent aseptic meningoencephalitis, 
or unifocal or multifocal cerebral parenchymatous le- 
sions. Also lesions of the spinal cord may occur result- 
ing from a necrotizing vasculitis and leading to trans- 
verse myelitis, chronic progressive myelitis, a Brown- 
Sequard syndrome, or a neurogenic bladder. Patients 
may also present with neuropsychiatric symptoms. 
The involvement of the salivary and lacrimal glands 
(the "sicca" manifestations) is usually manifest before 
CNS or PNS symptoms, but may also appear later. 
More general constitutional symptoms may also be 
present, such as fatigue, malaise, low-grade fever, Ray- 
naud syndrome, lymphadenopathy, arthralgia, myal- 
gia, as well as involvement of lungs, kidneys, muscles, 
and joints. Lymphoproliferative disorders are poten- 
tial complications. This disease has much in common 
with rheumatoid arthritis and SLE. 

Pathological studies of peripheral nerves and mus- 
cle show acute or chronic vasculitis or perivascular 
inflammation. In a few cases in which biopsy of the 
CNS was performed, either an unambiguous vasculi- 
tis was found or, more typically, a mononuclear vas- 



culopathy with a perivascular mononuclear reaction 
infiltrating in the cerebral parenchyma, usually in- 
volving the white matter. 

On MRI more or less extensive white and gray mat- 
ter lesions have been reported, including partial terri- 
torial infarctions. Microbleeds, present in histopatho- 
logical studies, can be seen on gradient echo se- 
quences. Lesions in the posterior fossa are rare. The 
MRI pattern is not specific and the differential diag- 
nosis includes multiple sclerosis, SLE, Behcet disease, 
and microscopic polyarteritis nodosa. 

Scleroderma (scZeros=hard, derma=skin) is a pro- 
gressive disease that leads to hardening of the skin 
and connective tissue and is part of the group of 
arthritic conditions called connective tissue diseases. 
There are two main forms of scleroderma, a localized 
and a systemic form. The localized form is subdivid- 
ed into two forms, morphea and linear scleroderma. 
Morphea is a cutaneous lesion with indurated, slight- 
ly depressed plaques of thickened dermal fibrous tis- 
sue, white or yellowish, with pinkish-purplish halo. 
The linear form of scleroderma is a line of thickened 
tissue, which affects the skin, but can also affect the 
muscles and bone underneath, limiting movements 
of limbs when affected. The underlying cortex can al- 
so be affected when the abnormality occurs on the 
forehead. Linear scleroderma is usually present on 
arms, legs, or on the forehead. It may appear as a long 
streak resembling a deep saber wound, often referred 
to as "en coup de sabre." The systemic form of sclero- 
derma can affect any part of the body, skin, blood ves- 
sels, and internal organs. The systemic form is also re- 
ferred to as diffuse scleroderma or CREST (calcinosis, 
.Raynaud syndrome, esophageal problems, sclero- 
dactylia, and telangiectasia) syndrome. The presence 
of two of the five symptoms mentioned is enough to 
make the diagnosis CREST. When CREST is present 
together with other symptoms of scleroderma, it is re- 
ferred to as "limited scleroderma plus CREST." 

In scleroderma many organs and organ systems 
may be involved, including skin; blood vessels; respi- 
ratory system; musculoskeletal system; cardiovascu- 
lar system; genitourinary system; ears, nose, and 
throat (sicca syndrome); renal system; endocrine sys- 
tem; PNS; and CNS. Focusing on neurological in- 
volvement: peripheral nerve manifestations may lead 
to pain and paresthesias from nerve entrapment, for 
instance trigeminal neuralgia and carpal tunnel syn- 
drome. Involvement of the CNS may lead to (partial) 
territorial strokes, epileptic seizures, with as patho- 
logical substrate focal narrowing of middle-sized 
arteries, and more or less extensive intracerebral cal- 
cifications, probably related to an underlying cere- 
brovascular pathology. Some patients present with re- 
current loss of consciousness and multiple sponta- 
neous intracerebral hemorrhages. 
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Anti-centromere antibodies have been found in 
patients with scleroderma and Raynaud syndrome 
and in CREST patients and may facilitate the diagno- 
sis. Extractable nuclear antibodies and other autoan- 
tibodies may also be found. When peripheral skin le- 
sions are present, the diagnosis can be confirmed by 
skin biopsy. The skin is thickened as a result of over- 
production of collagenous tissue, overgrowing hair 
follicles and sweat glands. 

Histologically there are two major findings: fibrot- 
ic changes, resulting from endothelial damage of 
small vessels and subsequent collagen deposition, 
and vasculopathy, consisting of fibrinoid necrosis of 
arterioles, lymphoid hyperplasia, and thickening of 
the basement membrane. 

The cause of scleroderma is unknown. Recently it 
has been suggested that cellular microchimerism 
with a lifelong status could form an immunological 
basis for amplification of autoimmune reactions lead- 
ing to clinical manifestations of systemic sclerosis. 
Microchimerism has been defined by the presence of 
a small number of circulating cells transferred from 
another individual. This transfer may occur during 
pregnancy between mother and fetus or, in multiges- 
tational pregnancies, between fetuses. Other causes 
are blood transfusion, bone marrow transplantation, 
and organ transplants. Microchimerism has been im- 
plicated not only in systemic sclerosis, but in the 
pathogenesis of autoimmune diseases more general- 
ly. An increased number of microchimeric cells has 
been found in peripheral blood and tissues of pa- 
tients with systemic sclerosis, and they have been 
proven to be specifically activated and capable of rec- 
ognizing human leukocyte antigens (HLA) from pa- 
tients. 

At this moment there is no specific treatment for 
scleroderma. Attempts are under way to build upon 
the remarkably successful use of TNF-a neutralizing 
treatments for rheumatoid arthritis, which may have 
paved the way for similar approaches in rheumatoid- 
like disorders 

MRI is nonspecific and presentations vary widely. 
Infarctions may occur in middle-sized artery territo- 
ries. In addition, macro- and microhemorrhages and 
extensive calcifications maybe present. In other cases 
lesions mimic patterns found in multiple sclerosis. 
Where frontal linear scleroderma is present one may 
expect underlying cortical abnormalities, calcifica- 
tions, and atrophy. 

Neurosarcoidosis occurs in approximately 5% of 
patients with systemic sarcoidosis, also called Besnier- 
Boeck-Schaumann disease. Sarcoidosis is a systemic 
granulomatosis of unknown cause, especially affect- 
ing the lungs with lung fibrosis, but also found in hi- 
lar lymph nodes, skin, liver, spleen, eyes, phalangeal 
bones, parotid glands, and the CNS. In the CNS facial 
nerve paralysis is the most common manifestation, 



but findings may also mimic tuberculosis, multiple 
sclerosis, lymphomas, and fungal infections of the 
brain. Extra-axial manifestations may show features 
comparable to convexity meningiomas. Spread along 
the perivascular spaces, leptomeningeal involvement, 
involvement of the optic nerve, the pituitary gland, 
the floor of the third ventricle, and the hypothalamus 
have all been reported. Spinal manifestations are not 
rare. 

Although the cause of sarcoidosis still is unknown, 
it is generally accepted that sarcoidosis results from 
exposure of genetically predisposed individuals to 
specific environmental agents. The finding of associ- 
ations between the human leukocyte antigens of the 
major histocompatibility complex and sarcoidosis 
supports this hypothesis. So does the difference in 
prevalence rates between ethnic groups. Another pos- 
sible association is between sarcoidosis and bacterial 
DNA, especially DNA of Propionibacterium acnes or 
granulosum. Further studies will have to confirm the 
value of these findings. 

Laboratory tests are not very helpful in establish- 
ing the diagnosis. A positive angiotensin converting 
enzyme (ACE) test in the CSF may support the diag- 
nosis, but the test may also be negative or neutral. The 
results of this test should therefore be interpreted 
with care. The cell count in the CSF is usually slightly 
elevated, as is the protein content. 

Histologically the manifestations can be divided 
into those with proliferation of granulomatous tissue, 
leading to more solid lesions in the suprasellar re- 
gion, the brain, and spinal cord, and those with lep- 
tomeningeal and perivascular involvement with fea- 
tures of an inflammatory vasculitis. 

MRI can portray the major manifestations: the 
suprasellar-leptomeningeal involvement (Fig. 100.13) 
and the spread along the perivascular spaces 
(Fig. 100.14), in both cases with enhancement after 
contrast injection. In other cases the lesions mimic 
multiple sclerosis patterns. In several patients an ex- 
tra-axial process very similar to a meningioma has 
been described. Intramedullary lesions are also easily 
demonstrated on spinal MR. 

Therapeutically corticosteroids may be beneficial. 
In more chronic cases cyclophosphamide and 
methotrexate are treatment options. 

Wegener granulomatosis (Wegener disease) may 
lead to cerebral lesions, either as lesions primarily lo- 
cated in the nasal cavities and sinuses and extending 
intracranially, or as necrotizing cerebral vasculitis, 
nearly always in the presence of active sinusitis, otitis, 
or lung disease. A limited form of Wegener disease, 
without upper and lower respiratory tract disease, has 
been repeatedly described and has a better prognosis. 
The clinical features are protean, but ocular manifes- 
tations are common. 
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Fig. 100.13. Sagittal Trweighted, contrast-enhanced, fat-sup- 
pressed images of a patient with neurosarcoidosis, showing 
the characteristic images of involvement of the hypothala- 



mus, pituitary stalk, the leptomeninges around the brain stem 
and cerebellum, in the sulcus cinguli, and in the foramen of 
Magendie 




Fig. 100.14. In this patient with neurosarcoidosis, the involve- 
ment concerns the perivascular spaces.The two FLAIR images 
{left column) show multiple infarct-like lesions involving in 



both cortex and white matter. After contrast injection {middle 
and right columns) enhancement occurs, in part with a stripe- 
like pattern following the course of the perivascular spaces 
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The diagnosis may be sustained by the presence of 
cytoplasmic anti-neutrophil antibodies (ANCAs). 
The optimal evaluation of serum ANCA levels re- 
quires assessment of the presence of two principal 
ANCA targets: myeloperoxidase and proteinase 3. 
The cytoplasmic (c-ANCA) staining pattern of neu- 
trophils stems largely from antibodies to proteinase 3; 
the perinuclear (p-ANCA) staining pattern is derived 
from antibodies to myeloperoxidase and several oth- 
er antigens, including lactoferrin, cathepsin G, and 
elastase. ANCAs are detected in patients with differ- 
ent disorders, such as infections, inflammatory bowel 
disease, autoimmune hepatitis, and malignancies. 
With the presence of c-ANCAs, high titers of pro- 
teinase 3, and the absence of antinuclear antibodies, 
the diagnosis of Wegener disease becomes more de- 
finitive. 

Histologically Wegener disease is characterized by 
necrotizing panarteritis of the middle great vessels. 
Multiple foci of arteritis develop in the nasal sinuses, 
the respiratory tract, the eye, and the kidneys. There is 
much similarity between Wegener disease and in- 
volvement of the CNS by other granulomatous and 
arteritic diseases, including Churg-Strauss syndrome 
and microscopic polyarteritis nodosa. 

There is a close relationship between Wegener dis- 
ease, Churg-Strauss syndrome, and microscopic pol- 
yarteritis (as distinct from polyarteritis nodosa). The 
latter involves predominantly if not exclusively arter- 
ies, whereas the other disorders virtually always affect 
vessels smaller than arteries. 

In limited Wegener disease the histopathological 
characteristics are similar to those of the typical dis- 
ease, but without the upper and lower respiratory 
tract and kidney involvement. The ANCA test is less 
likely to be positive. In limited Wegener disease 
50-60% of the patients have sinusitis, and 6% have 
hearing loss due to formation of granulomatous tis- 
sue between eustachian tube and tympanum. De- 
struction of the petrous part of the temporal bone 
and inflammatory masses at the base of the skull may 
also be present. Erosion of the lamina papyracea of 
the orbital walls may occur. Involvement of single or 
multiple cranial nerves may occur, especially of the 
eighth, ninth, tenth, and twelfth cranial nerves. The 
cranial neuropathies are caused either by necrotizing 
small vessel vasculitis or by a granulomatous process 
in the meninges. 

Leptomeningeal enhancement on contrast-en- 
hanced MRI has been described in Wegener granulo- 
matosis. Isolated intracranial or spinal lesions may al- 
so be seen (Fig. 100.15). The lesions will enhance after 
contrast injection (Fig. 100.15). MR and CT examina- 
tions of the nasal sinuses and mastoids are important 
in the evaluation of cerebral involvement by continu- 
ous extension. 



Churg-Strauss syndrome belongs to the group of 
necrotizing vasculitides. It is characterized by an 
eosinophil-rich and granulomatous inflammation 
and necrotizing vasculitis involving the small- to 
medium-sized vessels, affecting particularly the respi- 
ratory tract. The disease is associated with asthma and 
peripheral eosinophilia, often combined with necro- 
tizing glomerulonephritis. Cerebral manifestations 
occur in about 10% of the patients. About 60% of pa- 
tients are p-ANCA-positive. MRI findings are variable 
and the cerebral lesions are similar to those seen in 
many other vasculitides. They consist of macro- or mi- 
croinfarctions and micro- or macrohemorrhages. 

Microscopic polyarteritis (poly angiopathy) is also 
characterized by necrotizing vasculitis of the small 
vessels, arteriolae, capillaries, or veins, without gran- 
ulomas. The disease is nearly always associated with 
necrotizing glomerulonephritis and often with pul- 
monary capillaritis and hemorrhage. Peripheral neu- 
ropathy occurs less frequently than in polyarteritis 
nodosa. Sinusitis, which is rare in polyarteritis no- 
dosa, occurs in 9% of patients with microscopic pol- 
yarteritis. CNS involvement is rare, but when present 
will be caused by necrotizing vasculitis. 

The p-ANCA reaction is found in 50-80% of the 
patients with microscopic polyarteritis and in less 
than 20 % of patients with polyarteritis nodosa. His- 
tologically there is necrotizing vasculitis of small ves- 
sels, with microinfarctions and microhemorrhages. 

MRI may show any degree of small vessel disease, 
with involvement of both white and gray matter. Ad- 
ditionally, MRI may show small and larger infarc- 
tions. MRA is usually negative. 

Behcet disease is a multisystem recurrent vasculitis 
of supposedly autoimmune origin, involving many 
organs. The original clinical triad of symptoms in- 
cludes oral ulcers, genital ulcers, and anterior or pos- 
terior uveitis. The disease is frequently encountered 
in a specific geographic distribution extending from 
Japan to the eastern Mediterranean countries, pass- 
ing through China and Iran: the area that was suppos- 
edly the ancient silk route. The disease mainly affects 
young adults. The female:male ratio is 11:1 in Turkey, 
less pronounced in other countries. In Turkey the 
prevalence is 80-300 per million inhabitants, whereas 
the prevalence is 1 per 100,000 in the USA. 

Behcet disease is known to cause a variety of other 
manifestations, such as arthritis, arterial and venous 
thrombosis, pulmonary angiitis, cardiac disorders, 
cutaneous lesions, rectocolitis, and lesions of the 
CNS. CNS involvement is estimated to occur in 
5-50 % of the cases. Neurological manifestations oc- 
cur in a wide variety of forms, due to the involvement 
of either the leptomeninges, the brain parenchyma, or 
the blood vessels. All sizes of blood vessels are in- 
volved, and arteries as well as veins. Clinically the 
CNS involvement becomes apparent as meningoen- 
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Fig. 1 00.1 5. A 9-year-old boy with 
Wegener disease.The FLAIR images 
through the brain show subcortical 
and cortical spots with hyperintensity. 
In the thoracic spinal cord there is 
an intramedullary lesion with ring 
enhancement and lower signal 
intensity in the core of the lesion. 
In the lungs there are multiple 
granulomas 



cephalitis, cranial nerve palsies, cerebellar ataxia, 
spastic para- or tetraparesis, raised intracranial pres- 
sure, and dementia. Parenchymal CNS involvement 
occurs in the majority of the patients, predominantly 
in the basal ganglia and brain stem and spinal cord. 
CSF showed pleocytosis and elevated protein or an el- 
evated CSF pressure. 

The cause of Behcet disease is unknown. Viral and 
bacterial infections have been suggested, until now 
without sufficient evidence. It is widely assumed that 
Behcet disease is an autoimmune disorder, even 
though not all the facts agree with that view. Argu- 
ments against the autoimmune hypothesis are the 
male predominance, the lack of any specific antigen 
or antibody, and the lack of a relationship with HLA 
class II antigens. Genetic susceptibility, however, ex- 
ists in some populations. In Turkey 84% of patients 
with Behcet disease are positive for HLA B51, which is 
not found in other populations. 

Histologically the vasculitis in the CNS is charac- 
terized by perivascular cell infiltration, infarctions 
with small necrotic areas surrounding the blood ves- 
sels, microhemorrhages, loss of myelin, and gliosis. 
Behcet disease is unparalleled among the vasculitides 



in its ability to attack blood vessels of any kind and 
any size, veins as well as arteries, with preference for 
certain organs. In the brain Behcet disease involves 
predominantly the white matter of the cerebral hemi- 
spheres, the basal ganglia, and the brain stem. Ob- 
struction of arteries may lead to territorial infarcts; 
involvement of smaller vessels leads to small vessel 
disease and lacunar infarctions; thrombosis of ve- 
nous structures may lead to venous infarctions or 
raised intracranial pressure. 

MRI plays an important role in the diagnosis and 
follow-up of neuro -Behcet, and should aim at depict- 
ing the various forms of CNS involvement: 

• White matter abnormalities often involve the 
cerebral hemispheres, with isolated and confluent 
lesions in the centrum semiovale and somewhat 
less prominent involvement of periventricular ar- 
eas than in multiple sclerosis. However, they are 
often difficult to distinguish from multiple sclero- 
sis. 

• Lesions are often present in the basal ganglia, mid- 
brain, and pons; the brain stem lesions are more 
frequent, larger, and more extensive than in multi- 
ple sclerosis (Figs. 100.16 and 100.17). 
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Fig. 100.16. Behcet disease may cause lesions anywhere in 
the brain, but most often involves the brain stem and basal 
ganglia in an asymmetrical fashion.The FLAIR images {first and 
second rows) of a 53-year-old woman depict the lesions in the 
midbrain, pons and around the fourth ventricle. Note the 



enhancement of the lesions on theT r weighted images after 
contrast {third row). Courtesy of Dr. G. Akman-Demir, Depart- 
ment of Neurology, Medical Faculty, Istanbul University, Istan- 
bul, Turkey 



Small, and occasionally large, infarctions may be 
present; diffusion-weighted images may be added 
to the usual protocol, which includes proton den- 
sity, T 2 -weighted, and FLAIR images, in order to 
catch fresh infarctions. 



• Leptomeningeal involvement is especially to be 
expected in patients presenting with cranial nerve 
palsies and in those with meningoencephalitis; 
contrast administration and T r weighted images 
with fat suppression are required for adequate de- 
piction. 
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Fig. 1 00.1 7. A 28-year-old man with Behcet disease. Note the 
involvement of the internal capsule on the right, the midbrain 
and the medulla. Courtesy of Dr. G. Akman-Demir, Department 



of Neurology, Medical Faculty, Istanbul University, Istanbul, 
Turkey 



• Visualization of microhemorrhages, as often seen 
in pathological specimens, demands a gradient 
echo technique on MRI. 

• In patients with raised intracranial pressure, 
thrombosis of the large venous sinuses has to be 
ruled out; on a T x -weighted sagittal image this 
may already be obvious when the superior sagittal 
sinus is involved. Thrombosis of other intracra- 
nial veins can be made visible with MR phlebogra- 
phy. 

• In patients presenting with large territorial infarc- 
tions MRA may show the occluded vessels. 

• Spinal cord lesions will be visible on proton densi- 
ty and T 2 -weighted images, and the spinal lesions 
will usually enhance after contrast injection, as 
will many of the intracranial lesions in Behcet dis- 
ease (Fig. 100.16). 

Therapy in Behcet disease may be topical when oral 
aphthae and genital ulcers are concerned. More ex- 
tensive systemic involvement usually requires corti- 
costeroid and immunosuppressive therapy. 



100.2.2.3 Infectious Vasculitis 

A number of infectious disorders may give rise to vas- 
culitis and related cerebral lesions. Lyme disease 
(neuroborreliosis) is an infectious disease caused by 
Borrelia burgdorferi, which may affect many organs, 
such as skin (90% of all patients), joints, heart, CNS, 
and PNS. The first manifestation is often a skin lesion, 
known as erythema (chronicum) migrans. This may 
be followed by bacterial dissemination, presenting 
initially as a flu-like disorder, with fever, malaise, and 
diffuse pain. About 15 % of patients subsequently de- 
velop one or more features of CNS involvement: lym- 
phocytic meningitis (in the USA) or meningoen- 
cephalitis (in Europe), uni- or bilateral facial paresis 
(to be differentiated from neurosarcoidosis and Guil- 
lain-Barre syndrome), and polyradiculitis (which 
may mimic Guillain-Barre syndrome). In a minority 
of patients focal encephalomyelitis will develop with 
prominent white matter involvement on MRI. 

In untreated or unsuccessfully treated patients, late 
neurological symptoms may develop, which include 
chronic encephalomyelitis, with focal neurological 
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Fig. 100.18. Images of a 10-year-old girl with neuroborrelio- 
sis.TheT 2 -weighted images show multiple lesions of different 
sizes, asymmetrically spread through the centra semiovalia of 
both hemispheres. The "IVweighted, contrast-enhanced im- 
ages in the coronal and sagittal planes show that several 



lesions enhance. These images do not allow differentiation 
from acute disseminated encephalomyelitis (ADEM) or multi- 
ple sclerosis. From Demaerel et al. (1 995), with permission and 
by courtesy of Dr. P. Demaerel, Department of Radiology, Uni- 
versity Hospitals Gasthuisberg, Leuven, Belgium 



abnormalities and also focal abnormalities on MRI. A 
chronic infection may lead to confusional states, with 
memory loss and cognitive impairment. Due to limi- 
tations in diagnostic technology, Lyme disease is still 
primarily a clinical diagnosis, usually accepted only 
when the antecedents of the patient include a tick- 



bite, erythema migrans, and one or more of the man- 
ifestations within the scope of Lyme disease. 

The cause of Lyme disease is an infection by a 
member of a group of spirochetes, originally named 
Borrelia burgdorferi, now referred to as Borrelia 
burgdorferi sensu lato, subdivided into at least three 
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Fig. 100.19. A 10-year-old boy with Lyme disease presented 
with low back pain radiating to his legs.The ^-weighted, con- 
trast-enhanced sagittal images {first row) of the lower thoracic 
and lumbar spine show the enhancing and thickened caudal 
roots. In the coronal plane {second row, left and middle) and 



transverse plane {second row, right) the enhancement and 
thickening of nerve roots is confirmed. From Demaerel et al. 
(1998), with permission and by courtesy of Dr. P. Demaerel, 
Department of Radiology, University Hospitals Gasthuisberg, 
Leuven, Belgium 
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species: Borrelia burgdorferi sensu stricto, Borrelia 
burgdorferi garinii, and Borrelia burgdorferi afzelii. 
The first group is responsible for the North American 
Lyme infections, the latter two for the European 
forms, which have some differences in clinical fea- 
tures. The disease is a zoonosis, with humans as inad- 
vertent host. The disease is transmitted to humans by 
a bite from the hard-shelled ixodid ticks. These ticks 
are especially abundant in areas where the ecological 
circumstances, climate, food, and the different vectors 
for their procreation are present. The life cycle of the 
ticks runs a three-phase course over a 2-year cycle. 
Even in areas with a high proportion of infected ticks 
only 1-2% of humans with a tick bite will become 
infected. 

Diagnosis of Lyme disease is not straightforward. 
Serological tests take a long time and may be unreli- 
able because of crossover reactions, which can lead to 
false positives. CSF examination may be positive for 
inflammatory markers, pleocytosis, slight rise in pro- 
tein, and usually normal glucose. A test can be per- 
formed to show anti-Borrelia antibodies with a Lyme- 
specific ELISA. PCR may be applied to detect bacteri- 
al DNA. 

There is no specific MR pattern of Lyme disease. 
There may be many small lesions dispersed through 
the hemispheres, sometimes very similar to the pat- 
tern of multiple sclerosis (Fig. 100.18). Lesions in the 
corpus callosum are less common. After injection of 
contrast, active lesions may enhance (Fig. 100.18). 
Special techniques should be used to image the cra- 
nial nerves when involved; in the active phase these 
will also enhance. Leptomeningeal enhancement may 
occur in patients with meningoencephalitis, but in 
our experience this is rare in the chronic form. Le- 
sions in the spinal cord and involvement of nerve 
roots may also occur (Fig. 100.19). 

Antibiotic therapy is effective when given appro- 
priately and cures up to 90-95 % of patients. In pa- 
tients with chronic disease the percentage is lower, 
80-85%. 

Tuberculosis is caused by Mycobacterium tubercu- 
losis. Involvement of the brain is usually due to 
hematogenous spread from a primary focus, in most 
cases the lungs. Intracranial manifestations include 
extension of a subpial or subependymal focus, result- 
ing in involvement of the basal leptomeninges, which 
causes basal leptomeningitis. Occlusion of the CSF 
pathways leads to hydrocephalus. The infection may 
also induce vasculitis of the smaller and middle-sized 
cerebral arteries, often the lenticulostriate arteries or 
the posterior cerebral artery branches, the thalamo- 
perforate arteries, leading to small infarctions in the 
basal ganglia and deep white matter. Multiple miliary 
abscesses may also occur, as well as tuberculous intra- 
parenchymal granulomas (tuberculomas), cerebritis, 
larger abscesses, and pachymeningitis. Spinal cord 



infection is less common, but arachnoiditis and focal 
intramedullary tuberculomas may occur. Tubercu- 
lous spondylitis may lead to secondary involvement 
of spinal cord and roots. Because of migration of in- 
dividuals from regions in the world where tuberculo- 
sis is still endemic and the higher incidence of cases 
in immunocompromised individuals, one should be 
aware of the possibility of a tuberculous infection. 

The demonstration of Mycobacterium tuberculosis 
or bacterial DNA in the body fluids or biopsy materi- 
al makes a certain diagnosis. Brain involvement is of- 
ten secondary to a pulmonary infection. Indirect 
markers are pleocytosis in the CSF, high protein and 
low glucose levels and presence of indicators of in- 
flammation in the plasma. Often CSF has trans- 
formed into a thick, yellowish fluid, which may be the 
cause of a communicating hydrocephalus. 

Histologically, the different forms of tuberculosis 
of the brain and meninges have different aspects. Tu- 
berculomas occur in the brain parenchyma and in the 
leptomeninges and choroid plexus. The larger tuber- 
culomas have a granulomatous border, often with 
Langhans giant cells, encompassing a central caseat- 
ing necrosis. They are usually small and multiple, but 
incidentally may become larger and have mass effect. 
Leptomeningeal tuberculosis can consist of isolated 
tuberculomas of varying size, often associated with 
tuberculomas in the brain tissue. A second form ap- 
pears as generalized meningitis, presenting as a gray- 
ish, gelatinous, thick exudate, predominantly at the 
base of the brain. The exudate consists of polymor- 
phonuclear cell infiltrations, fibrin exudation, endar- 
teritis, hemorrhages and caseous necrosis. Perivascu- 
lar intraparenchymal inflammatory extensions are 
frequent and hemorrhagic infarctions may ensue. 

MR images, standard morphological and T r 
weighted images with and without contrast, where 
available with fat suppression, depict the described 
manifestations and secondary effects (Fig. 110.20). 
MRA demonstrates the affected vessels. Diffusion- 
weighted imaging will show infarction or abscesses. 

Therapy consists of tuberculostatic medication 
and necessary supplements. 

Syphilitic angiitis is caused by a spirochete, Tre- 
ponema pallidum, and presents clinically as a multi- 
system infection. Neurosyphilis is one of its manifes- 
tations. Neurosyphilis can be classified into distinct 
syndromes that span all stages of dissemination of 
the disease. 

In the first phase the local genital infection and 
skin abnormalities prevail, but a meningeal syphilitic 
infection at the onset may lead to cranial nerve palsies 
and ocular changes. Four to 7 years after the primary 
infection, a meningovascular syphilis may develop, 
with focal nervous system ischemia, secondary to 
thrombosis. Parenchymatous manifestations of neu- 
rosyphilis occur 10-30 years after the primary infec- 
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Fig. 100.20. Tuberculous meningoencephalitis. The first row 
shows one ^-weighted and twoT 2 -weighted images; the sec- 
ond row shows T] -weighted images with contrast.The images 
in the first row show ventriculomegaly and periventricular 



leukomalacia. Focal lesions are seen in the basal ganglia 
and mesencephalon.The contrast-enhanced images show the 
typical basal leptomeningitis 



tion with general paresis or tabes dorsalis. In this late 
phase other parenchymatous lesions, gummata, or 
cranial nerve involvement, hearing loss, or optic neu- 
ritis may occur. In this late phase cognitive decline, 
delusions, and paresis are part of the clinical picture, 
although nowadays, because of proper treatment, 
rarely observed. In combination with HIV infection, 
the neurological manifestations of neurosyphilis oc- 
cur at an earlier date, accelerate faster, and are more 
severe. 

The gold standard for the diagnosis is the demon- 
stration of spirochetes by dark-field examination, 
which is easy when skin or genital lesions are present. 
In neurosyphilis this is more difficult and the diagno- 
sis is suggested by clinical findings, medical history, 
and CSF analysis. Serological studies can confirm the 
diagnosis. Treponema tests include the fluorescent 
treponemal antibody absorption double staining 
hemagglutination test, and the Treponema immobi- 
lization test. Nontreponemal tests, such as the Venere- 
al Disease Research Laboratory (VDRL) test and the 



rapid plasma reagin (RPR) test, are more sensitive 
than specific. False positive results can be obtained in 
SLE, herpes simplex infections, pregnancy, and Lyme 
disease. 

Pathophysiologically the infection leads to an 
obliterative endarteritis of terminal arterioles, result- 
ing in inflammatory and necrotic lesions. 

MRI is not specific in cases of neurosyphilis. Con- 
trast-enhanced T r weighted images show the lep- 
tomeningitis, infarctions, and gummata when pre- 
sent. In HIV-positive patients the diagnosis may be 
even more difficult. 

When treated in time the infection can be cured. 
Various regimes of antibiotics are now available. In 
patients with HIV, however, treatment failure is fre- 
quent. 

Varicella-zoster complications stem from infection 
with the varicella-zoster virus, a virus that occurs ex- 
clusively in humans and causes chickenpox (varicel- 
la). It then becomes latent in cranial nerve and dorsal 
root ganglia, and frequently reactivates decades later 
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Fig. 100.21. Left-sided infarction of 
the brain following left-sided herpes 
zoster ophthalmicus 




to produce shingles (herpes zoster) and postherpetic 
neuralgia. Latency depends on age of the virus and 
immune status of the patient. The reactivated virus 
may cause symptoms in elderly immunocompetent 
individuals or in immunocompromised patients and 
may produce disease of the brain and spinal cord. Re- 
cently varicella-zoster virus has been detected in 
blood vessels and other tissues by PCR, and this has 
widened the clinical spectrum of acute and chronic 
disorders ascribed to varicella-zoster virus, including 
large vessel granulomatous arteritis, myelitis, and 
small vessel encephalitis, all of which may occur with- 
out the rash typical of varicella-zoster. 

Varicella-zoster becomes latent in ganglia along 
the entire neuraxis. Unlike herpes virus, it cannot be 
cultivated from human ganglia. With special tech- 
niques, such as in situ hybridization, Southern blot, 
and PCR analysis, viral DNA has been found in 
trigeminal and thoracic ganglia. Early reactivation of 
the virus after chickenpox with an interval of only 
several months, associated with granulomatous ar- 
teritis of the medium-sized vessels, may be seen in 
children presenting with an infarction. These infarc- 
tions may be located in the posterior fossa, with basi- 
lar artery arteritis, or, more often, in the carotid artery 
territories, causing either larger territorial infarctions 
or infarctions in the territories of the lenticulostriate 
arteries. Myelitis in immunocompetent individuals is 
usually less severe than in immunocompromised pa- 
tients. In the latter group small vessel encephalitis 
may develop, with poor prognosis. 

MRI is not specific in varicella-zoster vasculitis, 
but may show resulting infarctions. MRA may indi- 
cate the affected middle-sized vessels. 

There is no curative therapy for the vasculitis, 
which is in most cases self-limiting. Supportive mea- 
sures depending on the neurological symptoms are 
indicated. 

Delayed contralateral hemiplegia following herpes 
zoster ophthalmicus tends to occur in middle age 



(mean age 55 years, range 7-96 years). The hemiple- 
gia occurs one week to 2 years after the onset of the 
herpes zoster ophthalmicus. Delayed hemiplegia fol- 
lowing herpes zoster ophthalmicus has often been 
considered to be the equivalent of granulomatous 
angiitis. Sufficient clinical differences, however, exist 
to justify the assumption of two distinct entities. 
Symptoms tend to be milder in this disorder than in 
primary granulomatous angiitis of the nervous sys- 
tem. Most patients with this disorder survive, even 
without steroids. 

Microscopic tissue examination reveals the same 
histological abnormalities in both disorders. 

MRA is nonspecific, but will show the unilateral in- 
volvement of the brain (Fig. 100.21). 

100.2.2.4 Drug-Related Vasculitis 

There is a long list of drugs that may cause drug-in- 
duced vasculitis, including therapeutic and diagnos- 
tic pharmaceuticals and substances used in drug 
abuse. To the first category belong, among many oth- 
ers, allopurinol, amphetamine, ergot alkaloids, 
ephedrine, ginseng, interleukin-2, methylphenidate, 
oxymethazoline, penicillin, and hepatitis B vaccine. 
To the second category belong cocaine, heroin, 
methylphenidate, and methamphetamines. In many 
cases of the first group the vasculitis is restricted to 
the skin, but extension to other organs is very well 
possible. Extension to the brain is rare. 

Cocaine may lead to vasculitis, vasospasm, and in- 
creased platelet aggregation resulting in infarctions 
(strokes), leuko encephalopathy, and hemorrhages. 
Chronic cocaine dependency has also been linked to 
a moyamoya-like vasculopathy, with obstructed ves- 
sels and extensive collateral circulation, in particular 
the basal ganglia. The risk of myocardial infarction is 
increased in young individuals using cocaine. 

In heroin abuse strokes and hemorrhages are less 
frequent than in cocaine abuse. A spongiform 
leuko encephalopathy is far more frequent in heroin 
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Fig. 1 00.22. A 43-year-old woman presenting with a series of 
transient ischemic attacks, all related to different brain local- 
izations. T 2 -weighted images of the brain show multiple le- 
sions of different sizes involving cortex and subcortical white 



matter and deep white matter. This pattern can be seen in 
intravascular coagulation, for example in sepsis, but also in 
intravascular metastases. In this case the cause was intravascu- 
lar lymphomatosis 



abuse (see Chap. 87), but has occasionally been de- 
scribed in cocaine abuse. 

MRI patterns in drug-related vasculitides are in- 
consistent and depend on the vessels involved. Le- 
sions will usually have the features of infarctions. Dif- 
fusion-weighted imaging, therefore, should be part of 
the MR protocol. 



100.2.3 Disorders Primarily Obstructing 
the Vessel Lumen 

Hyper co agulative states. There are a number of inher- 
ited and acquired disorders that lead to a change in 
the complex process of coagulation, which may in- 
voke hemorrhages when hemostasis is insufficiently 
controlled or thrombosis with obliteration of vessel 
lumina when coagulation surpasses its necessary bio- 
logical function and causes unsolicited thrombosis. 
Such inherited factors are: elevated von Willebrand 
factor, factor V Leiden, fibrinogen polymorphisms, 
protein C and protein S deficiencies, and many others. 
In various conditions hypercoagulation may be in- 
duced by changes in the blood composition, as may 
happen in cancer patients, and in postoperative and 
post-traumatic conditions with extended immobi- 
lization. The resulting lesions will occur in unpre- 
dictable places and therefore neurological signs and 
MR findings are not specific. 

Intravascular lymphomatosis (IVL) is a very rare 
non-Hodgkin lymphoma characterized by prolifera- 
tion of lymphoma cells in the vascular lumina, both 
arterial and venous, without involvement of adjacent 
parenchymal tissue. IVL with cerebral involvement is 
predominantly of B cell lineage. Patients with cerebral 



IVL have been described in the age range of 30-80 
years. The clinical signs and symptoms of IVL may 
mimic those of vasculitis, and the cerebral form has a 
variable presentation. Often there are stroke-like 
episodes or repetitive transient ischemic attacks. Fo- 
cal cortical symptoms, confusion, disorientation, de- 
mentia, and seizures may follow. Meningo encephali- 
tis-like presentation has also been described. 

Proper diagnosis is important, because IVL is a 
treatable condition and early diagnosis may prevent 
irreparable damage. Manifestations in other organs - 
skin or lungs, for example - anemia, and high ery- 
throcyte sedimentation rate may help to arrive at the 
correct diagnosis. Usually the diagnosis can be made 
by examination of blood or bone marrow samples, 
biopsies of skin lesions, or bronchial lavage in pul- 
monary manifestations. 

Cerebral manifestations as seen on MRI include 
infarct-like lesions dispersed throughout the brain 
(Fig. 100.22), venous occlusion of the large sinus or 
cortical veins with venous infarctions, and enhance- 
ment of leptomeninges after contrast injection. Diffu- 
sion-weighted imaging may help to indicate the na- 
ture of the cerebral lesions and identify them as in- 
farctions. MRA may show abnormalities of arteries 
but is not diagnostic. In cases where there is venous 
involvement, MR phlebography is useful to show the 
obstructed veins. 

Treatment consists of polychemotherapy. 

The name of sickle cell disease stems from the ab- 
normal form of the red blood cells, which look like 
crescents. It is an autosomal recessive disease which 
has its highest incidence in Africa. It is caused by a de- 
fect in the p -hemoglobin gene. Sickle cell anemia will 
develop in homozygously affected individuals. Het- 
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erozygous carriers will have some abnormal erythro- 
cytes, but symptoms will be only precipitated under 
conditions with low oxygen tension, such as in high- 
lying geographical regions. Sickle cells are less prone 
to parasitic (malarial) infection than normal blood 
cells. It is hypothesized that in former centuries carri- 
ers of sickle cell disease were more likely to survive 
malaria and were responsible for the recurrence of 
sickle cell carriership in subsequent generations. To- 
day the disease affects 1 in 500 newborns with Afro- 
American parents and 1 in 1000 newborns with His- 
pano-American parents in the USA. The disease is 
found everywhere in Africa, throughout Middle and 
South America and Cuba, and in Mediterranean 
countries such as Italy, Greece, and Turkey. 

The clinical picture is highly variable, as many dif- 
ferent organs may suffer ischemic insults. The nature 
of the disease, however, is such that it often causes 
cerebrovascular accidents. Sickle cell disease is one of 
the many sources of watershed and arterial territori- 
al infarctions in children and relatively young adults. 
Neurological symptoms depend on the location of the 
infarctions. 

At the molecular level sickle cell anemia is caused 
by a single base mutation leading to the substitution 
of valine for glutamic acid at position 6 of the p -he- 
moglobin molecule. Homozygously affected individ- 
uals have abnormal hemoglobin, hemoglobin S. Un- 
der circumstances with low oxygen tension and 
acidosis the abnormal hemoglobin molecules poly- 
merize, resulting in increased cell rigidity and the 
characteristic sickle shape. This leads to sludging 
in smaller vessels and to hemolysis. The majority of 
strokes occur in younger patients. Many factors can 
precipitate stroke, such as dehydration, pregnancy, 
low hematocrit value, cardiomegaly, and abnormal 
liver functions. 

Sickled cells are less flexible, which slows their pas- 
sage through the vessels. The red blood cells contain- 
ing the abnormal hemoglobin S seem also to be ab- 
normally adherent to the endothelium. Because of the 
stasis, platelets will also become more adherent, and 
fibrin deposition follows, with subsequent occlusion 
of the lumen. Ischemic infarctions account for 70% of 
cerebrovascular episodes, and these infarctions are 
most often caused by occlusion of large arteries at the 
base of the brain. Occlusion of smaller vessels most 
often involves smaller cortical branches. 

On MRI lesions may include small, disseminated 
infarctions, border zone or territorial infarctions, and 
in rare cases thrombosis of the large venous sinuses. 
MRA may show obstructed vessels. 

The anticancer drug hydroxyurea has given pa- 
tients with sickle cell disease some hope. It was found 
that taking this drug caused an increase in the pro- 
duction of fetal hemoglobin, which is normally pre- 
sent only in newborns. The presence of sufficient fetal 



hemoglobin causes the red blood cells to stop sick- 
ling. It has been proven effective in preventing crisis. 
The long-term side effects of this medication are, 
however, still unknown. Animal experiments with 
gene replacement of the defective gene have given 
new hope. 



100.3 Magnetic Resonance Imaging 

Vasculitis can lead to a wide variety of MRI patterns. 
The lesions can be focal, asymmetrically distributed 
throughout the brain parenchyma, sometimes mim- 
icking multiple sclerosis, or lesions can be more con- 
fluent. Infarctions may occur in vascular territories or 
border zones, or they may present as small lacunar in- 
farctions. Involvement of the basal ganglia, thalamus, 
midbrain, pons, medulla oblongata, and leptomenin- 
ges is often seen. Lesions may become hemorrhagic 
and macro- and microhemorrhages may occur. With 
cortical and leptomeningeal localizations superficial 
hemosiderosis may follow. In later phases of the dis- 
ease atrophy may become apparent. 

It is evident that the MRI pattern of vasculitis is not 
specific. Disorders which may share this gamut of 
MRI patterns include multiple sclerosis, acute dis- 
seminated encephalomyelitis, extrapontine myelino- 
lysis, progressive multifocal leuko encephalopathy, 
radiation vasculopathy, subcortical arteriosclerotic 
encephalopathy (Binswanger disease), eclampsia, 
neoplasms and emboli. Clinical and laboratory data 
are helpful in further differentiation of these disor- 
ders. 

Some of the vasculitic disorders may present with 
a more characteristic MRI pattern. Vasculitis in SLE 
can lead to extensive calcifications, which may be 
prominent in the basal ganglia, the geniculate bodies, 
and the dentate nucleus. On T x -weighted images this 
may lead to high signal intensity in the involved areas, 
sometimes blotting out the basal ganglia. This phe- 
nomenon may also be seen in such disorders as 
hypoparathyroidism, pseudo-hypoparathyroidism, 
liver failure, and parenteral nutrition. The signal 
intensity on T 2 -weighted images is decreased. These 
calcifications are largely symmetrical, but there seem 
to be exceptions to this rule. 

An MRI protocol covering the features of vasculitis 
should include T r and T 2 -weighted, FLAIR images, 
and diffusion- weighted imaging (Trace images and 
ADC maps). In addition gradient echo images are 
mandatory to note the hemosiderin deposits, which 
are ubiquitous in most cases of vasculitis. MRA can 
be helpful, but a contrast-enhanced high-resolution 
(512x512) sequence should preferably be used. We 
prefer slow machine injection of 15-20 ml contrast, 
about 1 ml per second, followed by 20 ml of saline, 
during the MRA acquisition, with a presaturation slab 
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blocking the larger venous sinuses. With this proto- 
col, MR images will show the central cerebral vessels 
as well as their second and third ramifications. After 
this procedure a contrast-enhanced, fat- suppressed, 
T r weighted image is obtained in at least one direc- 
tion to identify enhancement of lesions, a frequent 
observation in vasculitis. 

When unusual MR patterns are present, vasculitis 
should be always be considered a possible cause, espe- 
cially with clinical suspicion. The combination of 
MRI findings with the clinical and laboratory data 



may lead to the correct diagnosis. It should be noted 
that in most of the vasculitic disorders, but in partic- 
ular in SLE and Behcet disease, mild to extensive 
white matter disease can be found in absence of clin- 
ical neurological abnormalities. The reverse is also 
true: in SLE, despite evident neurological manifesta- 
tion, the findings at MRI and autopsy may be disap- 
pointing. Quantitative estimation of CNS involve- 
ment may be reached by magnetization transfer ratio 
histogram analysis, diffusion tensor imaging, ADC 
mapping, and MRS. 



Chapter 101 

Leukoencephalopathy and Dural Arteriovenous Fistulas 

R. van den Berg, G.J. Lycklama a Nijeholt, and J.M.C. van Dijk 



101.1 Clinical Features 

and Laboratory Investigations 

Cranial dural arteriovenous fistulas (DAVFs) repre- 
sent 10-15 % of all intracranial arteriovenous lesions. 
The exact etiology of cranial DAVFs is still unknown. 
Development of DAVFs has been described after 
surgery, head trauma, and in relation to dural sinus 
thrombosis. In adults, it is generally accepted that 
DAVFs are acquired conditions. Pediatric cases are 
rare; DAVFs have infrequently been demonstrated in 
utero and may be present in neonates, associated with 
a dural sinus malformation. 

Clinical symptoms of DAVFs are related to the 
fistula itself, e.g., pulsatile tinnitus, or to the venous 
hypertension in the involved venous territory. The 
clinical symptomatology and the risk of aggressive 
complications, such as intracranial hemorrhage, cor- 
relate directly with the venous drainage pattern of 
DAVFs. Depending on the venous drainage and the 
flow characteristics, DAVFs may cause orbital symp- 
toms including exophthalmia and cranial nerve 
deficits. A focal area of cortical venous reflux - retro- 
grade drainage in a cortical leptomeningeal vein - 
may cause focal neurological deficits, such as aphasia 
or motor weakness. DAVFs can also cause remote 
symptoms. Lesions located in the cavernous sinus, 
tentorium, and foramen magnum can cause venous 
congestion of the brain stem or spinal cord with relat- 
ed symptomatology. The retrograde transmission of 
the arterial pressure in a more extensive venous net- 
work, in combination with impaired venous outflow 
through the sinuses, may lead to venous hyperten- 
sion, resulting in CSF absorption abnormalities and 
papilledema. These venous pressure disturbances 
may lead to symptoms of parkinsonism, such as 
rigidity, bradykinesia, and gait disturbances, and 
global cognitive dysfunction with dementia as the 
most severe presentation. 

The presence of cortical venous reflux in cranial 
DAVFs carries an annual mortality rate of 10.4%. The 
annual risk of hemorrhage is estimated to be 8.1% 
per year. The risk of nonhemorrhagic neurological 
deficit is 6.9% per year. The annual event rate for 
patients with aggressive DAVFs is therefore 15%. 



101.2 Pathology 

Histopathologically, DAVFs are located within the 
wall of the sinus. The fistula itself has no intervening 
capillary bed or nidus and consists of small venules. 
Intimal hyperplasia of both dural arteries and veins is 
noticed. The arterioles show hypertrophied walls, 
mainly characterized by media hyperplasia. Orga- 
nized thrombi have been demonstrated in the dural 
sinuses in up to 100% of cases. 

Immunohisto chemically, DAVFs show strong 
staining for basic fibroblast growth factor (bFGF) in 
the sub endothelial layer and hypertrophied media of 
the arteries in the sinus wall and in the fibrous 
connective tissues around the sinuses, sparing the 
endothelium. Vascular endothelial growth factor 
(VEGF) stains positively in the endothelium of the 
dural sinus, small arteries, and veins in the sinus 
walls. In addition, VEGF stains positively in the en- 
dothelium of many capillaries in the sinuses that are 
obstructed by an organized thrombus. No such find- 
ings are encountered in dural sinuses of control spec- 
imens. The factors stimulating bFGF and VEGF are 
not known, but it is postulated that tissue hypoxia 
and or intraluminal shear stress resulting from ve- 
nous hypertension stimulates the expression of these 
angiogenic growth factors. 

The acute and chronic parenchymal abnormalities 
in the case of cortical venous reflux (aggressive type 
of fistulas) are related to venous hypertension. Acute 
changes include diffuse cerebral edema and petechial 
hemorrhages within the gray and white matter. 
Chronic changes include markedly dilated and thick- 
ened, hyalinized walls of the parenchymal veins. Glio- 
sis may occur within the white matter. 



1 01 .3 Pathogenetic Considerations 

The association of DAVFs with venous thrombosis 
has been described frequently. Another important 
factor contributing to the development of DAVFs is 
venous or sinus hypertension. Sinus thrombosis does 
not always lead to the development of DAVFs, and it 
has been stated that venous hypertension is a pre- 
requisite for formation of a DAVF, even in the absence 
of sinus thrombosis. DAVFs have also been reported 
to develop following intracranial surgery, trauma, 
surgery in remote areas of the body, and in the post- 
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Table 101.1. Classification of cranial dural arteriovenous fis- 
tulas 

Borden classification 

1 . Venous drainage directly into dural venous sinus 
or meningeal vein 

2. Venous drainage into dural venous sinus 
with cortical venous reflux 

3. Venous drainage directly into subarachnoid veins 
(only cortical venous reflux) 



Cognard classification 



I. Venous drainage into dural venous sinus 
with antegrade flow 

lla. Venous drainage into dural venous sinus 
with retrograde flow 

lla-b. Venous drainage into dural venous sinus 

with retrograde flow and cortical venous reflux 

lib. Venous drainage into dural venous sinus 

with antegrade flow and cortical venous reflux 

III. Venous drainage directly into subarachnoid veins 
(only cortical venous reflux) 

IV. Type III with venous ectasias of the draining 
subarachnoid veins 



partum period. The wide variety of etiological factors 
should not be regarded as direct causes of DAVFs; 
rather, they represent environments that may be con- 
ducive to the development of a DAVF in particular 
patients. 

Two principal theories on the pathogenesis of 
DAVFs have been proposed. The first claims that 
DAVFs are caused by enlargement of preexisting mi- 
crofistulas in the dura. These microfistulas enlarge 
because of increased venous pressure, associated ei- 
ther with sinus thrombosis or with sinus outflow ob- 
struction. The second theory points to the develop- 
ment of angiogenic factors, such as the above men- 
tioned bFGF and VEGF, either directly from the orga- 
nization of a sinus thrombosis or indirectly from 
local tissue hypoxia due to an increased venous pres- 
sure. 

Many classifications have been proposed for 
DAVFs, of which the Borden classification and the 
Cognard classification are most commonly used. The 
common concept of both classifications is to differen- 
tiate between DAVFs with antegrade drainage in the 
dural sinus (benign type: Borden 1, Cognard types I 
and Ha), and DAVFs with cortical venous reflux (ag- 
gressive type: Borden 2 and 3, Cognard type lib and 
higher) (Table 101.1). The importance of the venous 
drainage pattern lies in the correlation with clinical 
symptomatology and the risks of hemorrhage. The 
retrograde transmission of the arterial pressure in 
the venous network leads to venous hypertension 
and congestion and impairs parenchymal venous 



drainage. This causes chronic (venous) ischemia. In 
those cases where extensive reflux is seen in combina- 
tion with impaired venous outflow through the sinus- 
es, venous pressures can rise to very high levels. 



101.4 Therapy 

The natural history of the disease is related to the ve- 
nous drainage pattern of the DAVF. DAVFs with ante- 
grade drainage only present with focal symptoms due 
to the fistula itself, and morbidity and mortality are 
limited. In these cases treatment should aim only at 
diminution of the focal symptomatology. DAVFs with 
cortical venous reflux, however, may lead to severe 
complications and require aggressive treatment. Dis- 
connection of the cortical venous reflux is obligatory 
to protect the patient from sequelae such as intracra- 
nial hemorrhage and nonhemorrhagic neurological 
deficits. Partial treatment will not reduce the risk of 
occurrence of these complications. 

Both endovascular embolization and surgery are 
available to treat DAVFs. Surgical disconnection of 
the fistulous vein(s) used to be the gold standard for 
treatment, but with the introduction of liquid adhe- 
sive embolics, which have been shown to produce a 
durable result without recanalization, these tech- 
niques should be regarded as equal. The choice of 
treatment mode should be decided by the interven- 
tional neuroradiologist and the neurosurgeon. 

If endovascular treatment is chosen, the arterial 
route is used preferentially. The goal of arterial em- 
bolization, in which a liquid embolic agent such as n- 
butyl cyanoacrylate (NBCA) should be regarded as 
superior to polyvinyl alcohol (PVA) particles, is to 
penetrate the fistulous point and to occlude the prox- 
imal part of the refluxing vein. If this cannot be ac- 
complished, occlusion of the fistulous vein through 
an alternative route is indicated. The least aggressive 
is selective disconnection of the refluxing vein(s). 
This will leave the DAVF itself untreated. If the fistu- 
lous zone is more extensive and the cortical venous 
reflux is found on multiple sites of the dural sinus, or 
if venous hypertension is the main problem, oblitera- 
tion of the sinus may be the only treatment option 
left. However, first a thorough angiographic examina- 
tion of the venous drainage of the normally draining 
veins, including the veins of the posterior fossa, is 
necessary. Sacrifice of the dural sinus can only be per- 
formed if adequate venous drainage of the brain is 
guaranteed. Only if the sinus is no longer used for the 
drainage of the brain parenchyma, and the veins of 
the posterior fossa do not enter the involved segment, 
the sinus can be sacrificed. 

Selective disconnection of the cortical venous re- 
flux or sacrifice of (a part of) a dural sinus can also be 
performed by an open surgical approach or by a com- 
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bination of endovascular and surgical approaches. In 
patients with occlusion of the affected sinus at both 
proximal and distal sites (isolated sinus), a direct ap- 
proach to the diseased sinus can be obtained through 
a small burr hole that allows direct puncture of the 
dural sinus. Subsequently the fistulous zone of the 
DAVF can be closed using coils or other thrombo- 
genic material. 



1 01 .5 Magnetic Resonance Imaging 

In the presence of a DAVF with cortical venous reflux, 
unenhanced CT images may show hypodensities, rep- 
resenting areas of gliosis, edema, or venous ischemia. 
Abnormally enlarged pial veins can be depicted due 
to their increased density compared to the brain 
parenchyma (Fig. 101.1). Contrast-enhanced CT will 
show extensive enhancement of the enlarged pial 
venous network. 

In the absence of cortical venous reflux, a DAVF 
might be occult on MRI. In such cases, the location of 
the DAVF within the dura and the lack of a mass effect 
on the brain parenchyma make it very difficult to see 
the nidus of the fistula on MRI. MRA is more sensitive 
in depicting the nidus, although the lack of flow infor- 
mation in time is one of the drawbacks. MRA after 
injection of a bolus of intravenous contrast may solve 
this limitation. 

In DAVFs with cortical venous reflux MRI shows 
prominent flow voids on the surface of the brain 
corresponding to dilated cortical vessels, or more 
subtle serpiginous or dot-like vascular structures 
(Fig. 101.2). These are highly suggestive of the correct 
diagnosis. Hydrocephalus secondary to the venous 
hypertension in the superior sagittal sinus can be pre- 
sent. The brain parenchyma, particularly the white 
matter, may show T 2 hyperintensity (Fig. 101.2). This 
is related to venous hypertension and congestion of 
the brain in the earlier stages and gliosis in later 
stages. The cerebral involvement may be extensive 
(Fig. 101.2) or focal (Fig. 101.4). Dependent on the lo- 
calization of the shunt, the cerebellum, deep gray nu- 
clei, or brain stem may be affected. DAVFs have been 
described as the cause of bilateral thalamic hyperin- 
tensities on T 2 -weighted images. 

The differential diagnosis in bilateral thalamic T 2 
hyperintensities should include basilar artery infarc- 
tion, tumor infiltration, and deep venous occlusion. 
The differential diagnosis of more diffuse T 2 hyperin- 
tensities would include superior sagittal sinus throm- 
bosis with venous congestion, diffuse glioma, and 
other leukoencephalopathies. However, the combina- 
tion of an abundance of dilated pial vessels, contrast 
enhancement of these vessels, and deep white matter 
T 2 hyperintensity is highly suggestive of a DAVF and 
mandates further angiographic analysis. 




Fig. 101.1. A 57-year-old man presented with rapid cognitive 
decline related to a DAVF located in the torcular region. On the 
plain CT scan dilated pial veins are demonstrated in the right 
temporal region 



Angiography is obligatory to confirm the diagno- 
sis DAVF and for treatment planning. Selective con- 
trast injections into the different branch arteries of 
the external carotid artery will reveal rapid arteriove- 
nous shunting through the fistula into the cerebral ve- 
nous system, thereby arterializing the venous system. 
Important concomitant findings are outflow obstruc- 
tion due to venous sinus occlusion, which can result 
in extracranial drainage via collateral routes, includ- 
ing the orbital system, and which augments the risk of 
retrograde flow into the cortical and cerebellar veins. 
The transit time of contrast when injected selectively 
into the internal carotid artery is delayed, compatible 
with venous congestion. In the normal situation 
venous drainage is seen 4-6 s after the beginning of 
the arterial phase. In addition to the analysis of the 
venous reflux, the venous drainage of the brain 
should be examined with the same diligence, not on- 
ly to detect focal areas of delayed venous drainage, 
but also to determine whether sacrifice of a dural 
sinus or a refluxing vein is a potential treatment 
option. 
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Fig. 101.2. 
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Fig. 101.3. Angiography of the pa- 
tient presented in Fig. 1 01 .2. Selective 
injection of the external carotid artery 
{first row, left) shows hypertrophy of 
the superficial temporal artery and 
middle meningeal artery. Immediate 
enhancement of the superior sagittal 
sinus is seen, suggesting the presence 
of a DAVF. Selective internal carotid 
artery injection {first row, rig fit; middle 
row, left) shows filling of the artery of 
the falx cerebri through a (hyper- 
trophied) ophthalmic artery {first row, 
r/g/if). There is early enhancement of 
the superior sagittal sinus, consistent 
with a DAVF.There is slow passage of 
contrast through the brain parenchy- 
ma because of venous congestion, 
resulting in a late parenchymal and 
venous phase.This is also illustrated 
by the poor visibility of peripheral 
arteries in the early phase {middle row, 
left) and by the"pseudo-phlebitic" 
aspect of the brain parenchyma in a 
later phase of the angiogram {middle 
row, right). After treatment by both an 
endovascular approach (selective glue 
injections in external carotid branches 
feeding the arteriovenous fistula) and 
by direct placement of coils in the 
superior sagittal sinus {third row, left; 
middle row, right), there is a marked 
reduction in the size of external carotid 
artery branches.The internal carotid 
artery injection after treatment shows 
abnormal drainage of the brain due to 
occlusion of the superior sagittal sinus 
{third row, right). The brain is no longer 
using the superior sagittal sinus for its 
drainage. However the transit time of 
contrast is much shorter.The cognitive 
symptoms of the patient have dis- 
appeared almost completely 




Fig. 101.2. A 67-year-old woman had in her medical history 
an operation for an acoustic neurinoma on the right. She pre- 
sented with a rapid cognitive decline.TheT 2 -weighted images 
{first two rows) show a diffuse signal increase in the deep white 
matter of both cerebral hemispheres. Abnormal flow voids are 
visible on the cerebral surface and in the brain parenchyma, 
especially in the temporal lobes and in the posterior fossa. The 
T] -weighted images after contrast {third and fourth rows) show 
extensive enhancement of cortical and parenchymal veins 
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Fig. 1 01 .4. FLAIR images of a 5 1 -year-old patient who had a single epileptic attack with visual signs.The images show an area of 
increased signal in the left occipital lobe {second row) 
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Fig. 101.5. Angiography of the pa- 
tient presented in Fig. 1 01 .4. Selective 
injection of the left vertebral artery 
shows no definite abnormalities 
{first row), except for nonenhancement 
of the left transverse and sigmoid 
sinus. Selective external carotid artery 
injection shows early filling of a dural 
tentorial sinus, located in the tentori- 
um cerebelli, due to a DAVF located 
there. The fistula is fed by a trans- 
mastoid branch of the occipital artery 
{second row, right). There is reflux from 
the dural sinus into cortical veins 
in the area {third row), leading to 
local venous congestion 




Chapter 102 



Leukoencephalopathy After Radiotherapy 
and Chemotherapy 



102.1 Clinical Features 

and Laboratory Investigations 

In the treatment of malignancies three modalities 
play a major role: surgery, radiotherapy, and chemo- 
therapy. Other treatment modalities such as hyper- 
thermia and laser coagulation, often image-guided, 
are of some, but lesser importance. Radiotherapy and 
chemotherapy are not only applied in the treatment 
of primary brain tumors and metastases, but in- 
trathecal and intravenous administration of chemo- 
therapeutic drugs, together with cranial or total neu- 
raxis irradiation, are also widely used in the prophy- 
laxis of cerebral involvement in extracerebral malig- 
nancies. 

For many years the brain was considered to be rel- 
atively resistant to therapeutic doses of irradiation 
and chemotherapy, because neurons do not multiply 
and the turnover of glial cells is relatively slow. Also, 
the blood-brain barrier may prevent the penetration 
of chemotherapeutics into the brain. These concepts 
have to be modified, because it has become clear that 
adverse effects are not exceptional. 

In the classical description of the effects of radio- 
therapy three types of damage are distinguished ac- 
cording to their time of occurrence: acute reactions, 
which occur during the time of treatment and may 
change the treatment schedule; early delayed reac- 
tions, which are usually transient and appear from a 
few weeks to a few months after treatment; and late 
delayed reactions, with onset from several months to 
several years after treatment. 

Acute reactions are usually mild and of little con- 
sequence, but severe reactions may occur. Clinically 
they may present as mild signs of increased intracra- 
nial pressure. The patient may become confused, in- 
coherent, and disoriented. In more severe cases the 
patient suffers from headaches, nausea, vomiting, and 
sometimes elevation of body temperature. Seizures 
occasionally occur, and the patient may lapse into co- 
ma. Discontinuation of the treatment and corticos- 
teroid administration may be necessary and life-sav- 
ing. 

Early delayed reactions are usually transient and 
disappear without treatment. Various clinical symp- 
toms have been reported: somnolence, nausea, vomit- 
ing, dysarthria, dysphagia, cerebellar ataxia, and nys- 
tagmus. 



Late delayed reactions are generally irreversible. 
The process begins insidiously with personality 
changes, gradually progressing over several months. 
Initially there is excessive drowsiness and loss of 
initiative and interest. In the course of time there is a 
decrease of cognitive functioning, confusion, irri- 
tability, and memory loss, eventually leading to glob- 
al dementia. 

This classical description is used to describe time- 
linked reactions after radio- and chemotherapy. In 
addition, the "focal radiation injury" and "focal white 
matter injury" resulting from stereotactic radio- 
surgery, gamma knife surgery, or intensity-modulat- 
ed radiotherapy may be seen as fitting within the 
classical concept. Clinically some of these injuries 
have important consequences. Focal radiation injury 
caused by irradiation of extracranial structures, e.g. 
of nasopharyngeal squamous cell tumors or pituitary 
tumors, may lead to damage of the brain - in these 
cases, damage to both temporal lobes, resulting in a 
complex behavioral change, the Kliiver-Bucy syn- 
drome. 

There are a number of irradiation- and chemo- 
therapy-related patterns that need special considera- 
tion because of their consequences for the prognosis 
and sometimes the need for therapeutic manage- 
ment. This holds especially for multifocal inflamma- 
tory leukoencephalopathy (MIL), and the posterior 
reversible encephalopathy syndrome (PRES). MIL 
and PRES are addressed separately in Chaps. 88 and 
92. 



102.2 Pathology 

Neuropathological changes in acute reactions after 
radiotherapy are primarily characterized by cerebral 
edema, with flattening of gyri, obliteration of sulci, 
and signs of tentorial herniation. The lateral ventri- 
cles are narrowed. Vascular changes are present and 
consist of fibrinoid necrosis and thickening of the en- 
dothelium with extravasation of fibrinous material 
and perivascular lymphocytic infiltration. 

Because the early delayed reaction is usually tran- 
sient and nonlethal in nature, the amount of informa- 
tion available on the histopathological features is lim- 
ited. Foci of demyelination with central necrosis and 
petechial hemorrhages have been described. Lym- 
phocytes and plasma cells are found in the perivascu- 
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lar spaces, and there is pronounced microglial and as- 
trocytic proliferation in the affected areas. Vascular 
changes are not prominent in the affected areas, but 
occasionally the lesions are more marked and show 
fibrinoid necrosis, fibroproliferative vessel thicken- 
ing, enlargement of endothelial cells, and capillary 
proliferation. The cytoarchitecture of the gray matter 
is usually intact. 

The neuropathological findings of the late delayed 
leukoencephalopathy are rather specific. The changes 
consist of demyelination, astrogliosis, multifocal co- 
agulative necrosis, and cavitation. The periventricular 
white matter and the centrum semiovale are involved 
bilaterally, whereas the subcortical arcuate fibers, the 
cerebral cortex, and deep gray matter structures are 
usually spared. Within and around the necrotizing 
lesions conspicuous swelling of axons occurs. An in- 
flammatory response is usually absent. There are 
marked vascular lesions, characterized by hyaliniza- 
tion, fibrosis, and necrosis of vessel walls and vascu- 
lar thrombosis. Areas of endothelial proliferation and 
various degrees of adventitial fibroblast proliferation 
are found. Obliteration of the lumen may result. De- 
position of iron salts and calcium in the vessel walls 
may occur. Calcifications may be extensive and be 
present in the subcortical areas, the basal ganglia, 
and, less commonly, in the pons. It is noteworthy that 
mineralizing angiopathy is more often seen in chil- 
dren than in adults. 

The installment of prophylactic irradiation and 
radiotherapy for acute lymphatic leukemia and the 
treatment of genetic disorders with bone marrow 
transplantation have focused attention on the side 
effects of these therapies. In most patients these reac- 
tions are transient and have the nature of temporary 
white matter edema, as has been confirmed by an 
occasional biopsy, and more recently by quantitative 
MR data. Multifocal white matter necrosis has the 
same neuropathological features as the radiation 
necrosis described above for late delayed post-irradi- 
ation reactions. 



1 02.3 Pathogenetic Considerations 

Cranial irradiation and systemic, intracarotid, intra- 
venous, and intrathecal chemotherapy, alone or in 
combination, may result in lesions of the CNS, of 
either the white matter, the gray matter, or both. In 
cases of combined therapy it is impossible to delin- 
eate the relative contributions of radiation and 
chemotherapy to the development of cerebral lesions. 
The total radiation dose and possible overdosage on 
specific targets, as well as the dose of systemic intra- 
venously or intrathecally administered chemothera- 
peutics all influence the outcome. Some chemothera- 
peutic agents are radiosensitizers, for example bis- 



chloroethyl-nitrosourea (BCNU), methotrexate, and 
cisplatin. They enhance the effect of radiation-in- 
duced changes. On the other hand, radiation may in- 
duce changes in the permeability of the blood-brain 
barrier and thus affect the delivery of potentially tox- 
ic agents. Other factors in the patient, such as nutri- 
tional status, type of primary malignancy, or pre- 
transplant status, and the presence of a paraneoplas- 
tic syndrome, may well contribute to the development 
and severity of cerebral lesions. 

The acute post-therapy syndrome is thought to be 
due to vasogenic edema resulting from damage to the 
capillary endothelium. 

Early delayed reactions are believed to be due to 
demyelination and may be reversible to some degree. 
There are suggestions that they may be the result of 
an autoimmune reaction following sensitization for 
some myelin antigen that has become exposed by 
therapy-induced tissue necrosis. Antigens are re- 
leased in the intracellular spaces by damaged myelin 
and glial cells, and may evoke hypersensitivity reac- 
tions. This hypothesis has never been proven, but the 
perivascular inflammatory reaction may be an argu- 
ment. Another mechanism which may account for 
the marked demyelination in the absence of vascular 
changes in early delayed post-treatment leukoen- 
cephalopathy is primary damage to glial cells, in par- 
ticular oligodendrocytes. Sometimes striking glial 
proliferations are noticed, associated with bizarre 
cells and giant multinuclear astrocytes, supporting 
this hypothesis. 

In the late delayed reactions vascular changes with 
secondary ischemic changes form the most likely ex- 
planation for the tissue damage. The endothelium of 
blood vessels is one of the most sensitive tissues of the 
brain. Damage to the endothelium leads to endothe- 
lial proliferation and changes in the vessel wall, with 
subsequent obliteration of the lumen and ischemia. 
Small vessels are usually most affected, but larger ar- 
teries may also suffer, and may be partially or totally 
occluded, possibly with formation of moyamoya-like 
collaterals. 

It is important to realize that the adverse conse- 
quences of irradiation of the brain, in particular in 
combination with chemotherapy, may be more severe 
in infants and children than in adults. The conse- 
quences for the immature brain may differ from those 
for the more mature brain. From the management of 
medulloblastomas in young children it has become 
clear that aggressive treatment approaches, especially 
craniospinal irradiation, can harm the developing 
brain. It is hard to predict what dose of radiotherapy 
will be harmful in each individual child. It is well 
known that very young children will have significant 
learning problems after full-dose radiotherapy, and 
that even older children may develop difficulties in 
school. However, a reduction in dosage may also re- 
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duce efficacy on the tumor. Hence, approaches using 
reduced-dose craniospinal irradiation and chemo- 
therapy, in order to reduce cognitive, endocrine, and 
psychological deficits, may decrease late effects, but 
carry with them the risk of having more treatment 
failures. 

The combination of radiotherapy and chemother- 
apy leads to synergistic inhibition of the synthesis of 
macromolecules and DNA repair, possibly further 
contributing to the damage. In a postmortem study of 
children with childhood leukemia treated with differ- 
ent modes of application of this combined therapy, 
comparing those who showed leukoencephalopathy 
and those who did not show leukoencephalopathy, it 
became clear that the development of white matter 
damage did not correlate with age, despite the differ- 
ent stages of myelination and neuronal differentia- 
tion in the pediatric age group. Nor was there a rela- 
tionship with intercurrent infections, nutrition, or the 
presence of CNS leukemia. There was a clear relation- 
ship with the radiation dose the child had received in 
combination with intrathecal methotrexate. The total 
amount of intrathecally administered methotrexate 
seemed less important. The dose of methotrexate was 
important when given intravenously: the incidence of 
leukoencephalopathy increased with the total dose of 
intravenously administered methotrexate. 

To add substance to this discussion, the multicen- 
ter study of the German Late Effects (of acute lym- 
phatic leukemia treatment) Working Group, summa- 
rizes findings in a large population treated with stan- 
dard protocols (Hertzberg et al. 1997). In this study 
118 former patients with acute lymphatic leukemia in 
first continuous remission underwent CT and/or 
MRI. The group was subdivided into: group A (39 pa- 
tients), receiving intrathecal methotrexate and sys- 
temic medium-high dose methotrexate; group B (41 
patients), receiving cranial irradiation (16.8 Gy) and 
intrathecal methotrexate or systemic methotrexate; 
and group C (38 patients), receiving irradiation 
(17.1 Gy) and intrathecal methotrexate. Abnormal 
MRI and CT scans were found in 61 of the 118 pa- 
tients, consisting of white matter changes (diffuse or 
focal), brain atrophy, and calcifications. Of these 61 
patients, 15 were from group A (38.5%), 23 from 
group B (56.1%), and 23 from group C (60.5%). Pa- 
tients with definite CNS changes showed impaired 
neuropsychological function. It is clear from this re- 
port that methotrexate without irradiation can also 
lead to serious CNS changes, both of gray and white 
matter. This has been reported in more detail by 
Lovblad et al. (1998). They describe the cases of four 
children treated with high-dose intravenous and in- 
trathecal methotrexate without irradiation. In all 
these cases the cure was prolonged, lasting for more 
than 1 year. These children developed serious CNS 
abnormalities with diffuse hyperintense white matter 



changes on T 2 -weighted images and subcortical hy- 
perdensities on CT, consistent with calcifications. The 
authors attribute these changes to a mineralizing an- 
giopathy, commonly thought to be the result of cra- 
nial irradiation in combination with chemotherapy. 
From this and other reports it has become clear that 
chemotherapy without irradiation may also lead to 
leukoencephalopathy and mineralizing angiopathy. 



102.4 Therapy 

In acute reactions corticosteroids are useful in allevi- 
ating cerebral vasogenic edema and may be life-sav- 
ing in patients with imminent tentorial herniation. 
The importance of recognizing early delayed reac- 
tions is the fact that they are usually transient and do 
not necessarily require intervention or indicate a fail- 
ure of therapy. In the late delayed reaction corticos- 
teroids play a minor role. In cases with focal radiation 
necrosis, surgery is an option. In patients with neuro- 
logical syndromes caused by toxic effects of cytostat- 
ic or immunosuppressive drugs that may be re- 
versible, abortion of the therapy or a switch to other 
drugs may have a beneficial effect. Psychiatric syn- 
dromes, especially when caused by more permanent 
damage of both temporal lobes, as happens in the ir- 
radiation of nasopharyngeal and pituitary tumors, 
are difficult to treat and may require special mea- 
sures. 



102.5 Magnetic Resonance Imaging 

MRI is generally the first choice of imaging modali- 
ties in the follow-up of patients treated with cranial 
irradiation and/or chemotherapy, because its sensi- 
tivity is much better than that of CT. Only in the 
detection of microcalcifications, such as occur in 
mineralizing angiopathy, does CT have an advantage. 
All stages of radiation and chemotherapy injuries 



Fig. 1 02.1 . A 62-year-old woman treated with chemotherapy 
and irradiation for a right frontal glioma. The initial tumor is 
barely visible on the FLAIR images {first three rows) within a 
now much larger area of high signal involving the periventric- 
ular and deep frontal white matter, right more than left, and 
the corpus callosum.TVweighted images after contrast {fourth 
row) show a rim of a few millimeters' thickness along the wall 
of the left lateral ventricle as well as an enhancing dot in the 
right frontal area. The white matter changes can be attributed 
to the irradiation and chemotherapy.The enhancement, which 
did not change during further follow-up, probably represents 
either inactivated tumor tissue,or, more probably, radiation-in- 
duced changes 
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Fig. 102.1. 
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Fig. 102.2. A 52-year-old male patient presented with a par- 
tial seizure. He had been treated previously for a right-sided 
nasopharyngeal squamous cell carcinoma with partial exci- 
sion and radiotherapy.The right temporal lobe was included in 



the irradiation field. Coronal T 2 -weighted images show the im- 
pact of the radiation on the right temporal lobe, involving 
both white and gray matter 



have in common an increase in free tissue and, some- 
times, intracellular water. The consequence of this is a 
higher signal intensity on T 2 -weighted and lower sig- 
nal intensity on T r weighted images. This signal be- 
havior may, however, reflect many forms of underly- 
ing pathology, such as impairment of the blood-brain 
barrier due to endothelial damage and vasogenic 
edema, demyelination, gliosis, ischemia, and tissue 
necrosis. Newer techniques, such as diffusion-weight- 
ed imaging, perfusion imaging, and proton MRS, have 
been of considerable help in the determination of the 
structural tissue changes. Diffusion-weighted imag- 
ing, in combination with calculated ADC maps, or 
diffusion tensor imaging with the calculation of frac- 
tional anisotropy, have made it possible to differenti- 
ate between vasogenic edema and cytotoxic edema, 
and permits a better estimation of the prognosis of 
the abnormalities found. Contrast administration 
plays an important role, even though it does not dif- 



ferentiate radiation necrosis from tumor recurrence. 
Perfusion imaging and MRS have a prominent role 
in distinguishing tumor recurrence from radiation 
necrosis. In necrotizing tissue perfusion is low, 
whereas in tumor recurrence it is usually high. MRS - 
if possible, chemical shift imaging to cover the whole 
area - shows in tumor recurrence high choline, lac- 
tate, and often the presence of some residual brain 
metabolites, for instance AT-acetylaspartate in re- 
duced concentration. In necrotic tissue AT-acetylas- 
partate is usually absent, as is choline, whereas lactate 
is present. It is, however, not rare that both tissue 
necrosis and tumor recurrence are present at the 
same time. Microbleeds can be made visible on MR 
images with gradient echo or hybrid spin-echo-gra- 
dient-echo techniques. 

In the acute reaction MR findings are nonspecific. 
The images may be completely normal or subtly ab- 
normal with poorly defined multifocal areas of hy- 
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Fig. 1 02.3. A 4-year-old boy was treated prophylactically with 
irradiation and intrathecal methotrexate because of acute 
lymphocytic leukemia. The T 2 -weighted images {upper row) 
show involvement of the basal ganglia, internal capsule, and 



cerebral peduncles in the midbrain. The T r weighted images 
{second row) reveal cysts in the basal ganglia, indicating that 
cystic necrosis has developed. With contrast, an enhancing 
recurrent tumor is seen in the third ventricle 



perintensity on T 2 -weighted images, most often in 
both hemispheres. The abnormalities usually disap- 
pear spontaneously, given an uneventful clinical 
course. 

In early delayed reactions, occurring a few weeks 
to months after treatment, the white matter changes 
are also usually transient. Changes on MRI include 
high signal intensity on T 2 -weighted or FLAIR images 
in the basal ganglia, the cerebral peduncles, and the 
deep white matter. Diffusion-weighted imaging also 
shows high signal intensity in these areas, with also 
a high ADC value. The term "T 2 shine-through" is 
sometimes used for this phenomenon, but seems not 
quite correct, because the combination of high signal 
on diffusion-weighted imaging and high diffusivity 
may reflect an underlying condition, most probably, 
but not only, vasogenic edema. It is in general an indi- 
cation of a benign nature of the lesion. In some pa- 
tients who develop a diffuse leuko encephalopathy a 
few weeks to a few months after treatment, the course 
is not benign and the white matter abnormalities are 



not reversible. Enhancing lesions within the white 
matter correlate with tissue necrosis at autopsy. 

Transient white matter abnormalities are often 
found in patients treated for acute lymphocytic 
leukemia with prophylactic cranial irradiation, 
chemotherapy, and bone marrow transplantation. 
The lesions are located in the periventricular area and 
may be more or less extensive. There is no clear rela- 
tionship between the severity of the lesions on MRI 
and the clinical condition and outcome. Diffusion- 
weighted imaging and ADC maps may be helpful by 
showing the nature of the lesions. The lesions may 
remain visible for a long time after the clinical disap- 
pearance of symptoms. 

Late delayed reactions occur months to years after 
the initial treatment. Depending on the field of irradi- 
ation the lesions are more focal (Figs. 102.1-102.3) or 
more generalized (Figs. 102.4 and 102.5). So-called 
"diffuse radiation injury" can be caused by irradia- 
tion, by combined irradiation and chemotherapy, and 
by chemotherapy alone. The white matter lesions, 
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Fig. 102.4. A 29-year-old woman with disseminated breast 
carcinoma. Metastases in the brain were treated with radio- 
therapy and systemic cytostatic treatment. The T 2 -weighted 
transverse series 6 months after radiotherapy {upper two rows) 
shows diffuse symmetrical deep white matter hyperintensity, 



also involving the external capsule and the temporal lobes. In 
the cerebellum there are multiple, asymmetrical lesions and 
linear high-signal bands in the cerebellar foliae.TVweighted 
images after contrast {third row) show multiple metastases 
and leptomeningeal carcinomatosis 



when irradiation has covered the whole brain, are lo- 
cated in the white matter of both hemispheres and are 
symmetrical and confluent. Combinations of diffuse 
radiation injury and recurrent tumor may occur 
(Fig. 102.3). The lesions of late delayed reactions have 
a high signal intensity on proton density, T 2 -weight- 



ed, and FLAIR images. ADC values are usually only 
slightly above those of normal cerebral tissue. Despite 
the sometimes extensive white matter lesions, pa- 
tients may be asymptomatic. In more severe cases 
there may be slowing down of mental activity and 
cognitive impairment. The most severe form of late 
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Fig. 102.5. A 24-year-old man was treated for acute lympho- 
cytic leukemia with chemotherapy and intrathecal methotrex- 
ate.Two months later he developed progressive encephalopa- 
thy. The T 2 -weighted images show extensive involvement of 



arcuate fibers in parietal, frontal,and temporal lobes,aswellas 
bilateral involvement of the posterior limb of the internal cap- 
sule, thalamus, corticospinal tracts in the midbrain, and both 
middle cerebellar peduncles 



delayed reaction is necrotizing encephalopathy with 
areas of focal necrosis (Fig. 102.3). The borders of 
these lesions may enhance. To verify this diagnosis, 
perfusion studies may be performed, showing re- 
duced perfusion, or MRS, showing loss of metabolites 
without a rise in choline concentration and with var- 
ious amounts of lactate. 



A disseminated necrotizing leuko encephalopathy 
with characteristic contrast enhancement of the white 
matter has been reported in patients with acute 
lymphoblastic leukemia after intense chemotherapy 
with methotrexate and prophylactic cranial irradiation, 
with either a fulminant or a less fulminant course. In 
these cases methotrexate was delivered both intra- 
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Fig. 102.6. 
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Fig. 102.7. The T] -weighted images 
of the same patient as illustrated in 
Fig. 102.6, without {first row) and with 
contrast {second row), reveal multiple 
small punctate areas of contrast 
uptake, suggesting perivascular 
enhancement. These findings suggest 
an underlying angiitis or vasculopathy 




venously and intrathecally. MRI initially shows exten- 
sive white matter abnormalities, with focal but sym- 
metrical enhancement. On follow-up studies the 



Fig. 102.6. An 18-year-old girl was treated 7 years ago with 
chemotherapy, irradiation, and autologous bone marrow 
transplantation for a non-Hodgkin lymphoma. She has been 
tumor-free since the treatment. However, since 1.5 years 
after the treatment she has developed slowly progressive 
encephalopathy with recently more rapid decline. The ence- 
phalopathy was characterized by concentration and memory 
problems, personality changes, subsequent global cognitive 
impairment, and finally increasing ataxia and spasticity. The 
T 2 -weighted images {first three rows) show extensive white 
matter changes, especially involving the arcuate fibers.There is 
some cerebral atrophy with ventriculomegaly, including the 
temporal horns, and widening of the subarachnoid spaces. 
There are bilateral lesions in the thalamus. Diffusion-weighted 
images {fourth row) at different b values and an ADC map 
show increased ADC values in the abnormal white matter 
areas (ADC values in the affected region 1.24-1.55). These 
values, unfortunately, only reflect the final phase of the 
process. Because of the insidious start and progress of the 
encephalopathy, initial ADC values are not available 



enhancement disappears but atrophy sets in, leading 
to death within a few years. The MR pattern differs 
from that seen in autoimmune suppressive therapy- 
related MIL. 

Severe late delayed reactions may also develop 
after treatment with a combination of irradiation, 
chemotherapy, and bone marrow transplantation. 
Years after treatment, and following an initially good 
response, a progressive encephalopathy may develop 
with loss of mental faculties and an array of neurolog- 
ical symptoms and ending in death. MRI shows white 
matter abnormalities predominantly involving the 
arcuate fibers and progressive atrophy (Figs. 102.6 
and 102.7). 

Mineralizing angiopathy is more often seen in chil- 
dren than in adults. In children it is the most common 
abnormality seen on MRI and/or CT. Calcifications 
are found in the subcortical white matter and some- 
times in the basal ganglia, in particular in the puta- 
men. 

Lesions after gamma-knife therapy, stereotactic 
radiosurgery, and localized overdosage are not funda- 
mentally different from the classic description. Here, 
too, the whole gamut of reactions is possible: from va- 
sogenic transient edema, to severe white and/or gray 
matter lesions, to a cavitating (leuko) encephalopathy. 



Chapter 103 

Gliomatosis Cerebri 



103.1 Clinical Features 

and Laboratory Investigations 

Several synonyms are used for this condition: diffuse 
glioma of the brain, gliomatosis diffusa, gliomatous 
hypertrophy, blastomatous type of diffuse sclerosis, 
and central diffuse schwannosis. 

The clinical presentation is variable. Headache is 
present in most cases, and may be accompanied by fo- 
cal seizures, changes in mental state, psychiatric syn- 
dromes, ataxia, dysphagia, dysphasia, and memory 
loss. The clinical picture suggests in most cases a mul- 
tifocal progressive disorder. Initially, however, symp- 
toms may be difficult to interpret, with only loss of 
concentration, behavioral problems, or psychiatric 
symptoms. Some patients present with diminished 
vision only, and papilledema is found at fundoscopy. 
The clinical symptoms are often discrepantly mild in 
view of the extensive abnormalities found on MRI, 
but they are progressive and lead to death. The medi- 
an survival time is 14 months. 

Over the last 5-10 years there seems to have been 
an increase in the number of cases of gliomatosis 
cerebri, and younger patients are affected than in for- 
mer years. The reason for this is unclear. 



103.2 Pathology 

Macroscopically, there is swelling of the involved 
structures. Although all parts of the brain may be in- 
volved, including the brain stem and cerebellum, 
there is a preference for the central, periventricular 
areas and mesolimbic parts of the temporal lobe. The 
microscopic hallmark of gliomatosis cerebri is the 
presence of many moderately pleomorphic glial cells, 
infiltrating pre-existing structures, without signifi- 
cant destruction. Natural borders between structures 
are not respected. Usually, these cells are astrocytic in 
type and react positively with glial fibrillary acidic 
protein (GFAP). In other cases, the infiltrating cells 
have oligodendroglia-like elements and only a few 
cells are GFAP-positive astrocytes. Locally further 
dedifferentiation may take place, and some parts of 
the lesion may progress to anaplastic astrocytoma or 
glioblastoma multiforme. Finally, the entire neuraxis 
may be involved. 



103.3 Pathogenetic Considerations 

No familial cases of gliomatosis cerebri have been 
reported. One study looking at the chromosomes 
of cells of gliomatosis cerebri revealed that the 
majority of the abnormal cells had the karyotype 
44XY,(del(6)(q25),del(14)(q21),del(15;21)(ql0;ql0), 
add(18)(q22),del(19)(pl2),add(20)(pl3), -21. A small- 
er proportion of cells had 88 chromosomes with a 
doubling of the normal karyotype. With the exception 
of the chromosome 6 deletion, these chromosomal 
changes do not resemble those found in astrocy- 
tomas, suggesting that gliomatosis cerebri is a sepa- 
rate entity (Hecht et al. 1995). Herrlinger et al. (2002) 
summarize the molecular genetic findings and find 
that genetic alterations in diffuse gliomatosis are not 
different from those found in infiltrating astro- 
cytomas. They conclude on these grounds that glio- 
matosis cerebri should be considered a particularly 
invasive subform of glioma, rather than a distinct 
tumor entity that is entirely different from other 
cerebral gliomas. An extra argument for this is found 
in the dedifferentiation of gliomatosis cerebri into 
anaplastic astrocytomas and glioblastoma multi- 
forme. 

In one report, gliomatosis cerebri was seen follow- 
ing radiation and chemotherapy for a extraneural 
metastasis of primary nongerminomatous germ cell 
tumor in the pineal region, providing evidence for 
exogenous induction of the tumor. 



Fig. 103.1. Series of transverse T 2 -weighted images in a 56- 
year-old woman {first t wo rows). She has a history of changes in 
personality over the past 2 years, leading to suspicion of fron- 
totemporal dementia. The images show bilateral, nearly sym- 
metrical signal abnormalities of the frontal lobes, connected via 
the genu of the corpus callosum and spreading toward the 
deep insular structures on both sides.The affected corpus callo- 
sum is markedly swollen.There is diminished gray-white matter 
distinction in the involved areas.The third and fourth rows con- 
tain diffusion-weighted images (Trace diffusion-weighted im- 
ages with b = 1 000 in the third row; ADC maps in the fourth row). 
TheTrace diffusion-weighted images show a moderate increase 
in signal intensity in the involved area, whereas the ADC values 
are too high, indicating increased mobility of water. Note that 
this combination of moderately high signal increase on Trace 
diffusion-weighted images together with high ADC values in 
the affected area does not reflect vasogenic edema 
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Fig. 103.1. 
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Fig. 103.2. Series of FLAIR images in a 25-year-old man with 
biopsy-proven gliomatosis cerebri. The biopsy was taken from 
the left frontal lobe. In this case the abnormalities are mildly 
asymmetrical and have a prominent mass effect.There is clear 



involvement of the temporal lobes. In many places where 
the tumor touches upon the cortico-subcortical junction, the 
gray-white matter differentiation has disappeared 



103.4 Therapy 

Because neurosurgery is not an option in most cases, 
radiotherapy and chemotherapy are the only remain- 
ing therapies available. The results have been disap- 
pointing for many years, but with the drug temozolo- 
mide longer survival has been achieved. 



103.5 Magnetic Resonance Imaging 

Most useful for the diagnosis of gliomatosis cerebri 
are proton density, T 2 -weighted, and FLAIR sequences. 
They show increased signal intensity of the involved 
areas, with poor demarcation from noninvolved tis- 
sue, and with mass effect. When the cortico-subcorti- 
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Fig. 103.3. This 17-year-old girl presented with bilateral pa- 
pilledema and no other neurological signs.The FLAIR images 
{upper two rows) reveal an asymmetrical presentation of 
gliomatosis cerebri with most prominent abnormalities on the 
right. The third row shows coronal ^-weighted images with 
contrast.The left-hand image was obtained directly after con- 



trast administration, showing some contrast enhancement in 
the right frontal lobe. The two images on the right were ob- 
tained 1 h after the injection and show much more prominent 
contrast enhancement. The latter images make clear that the 
damage to the blood-brain barrier is far more extensive than 
the first postcontrast image would suggest 



cal junction is involved, there may be a striking loss of 
demarcation of gray and white matter and the sugges- 
tion of some swelling (Figs. 103.1-103.3). When the 
periventricular structures are involved, the ventricle 



will be locally narrowed, with distortion of its normal 
border (Figs. 103.2 and 103.3). In these centrally 
located cases, the corpus callosum is nearly always 
involved and may be severely swollen (Fig. 103.2). 
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Fig. 1 03.4. Follow-up study of the same girl shown in Fig. 1 03.3, 6 months after radiotherapy and chemotherapy. It is clear that 
the process has advanced and the brain stem is seriously involved 



There may be a striking symmetry of the abnormali- 
ties (Fig. 103.1), although this may disappear when 
the disease progresses. The disease may also be high- 
ly asymmetrical in the initial stage (Fig. 103.4). In 
some patients the spread of the disease clearly follows 
white matter tracts, with less severe involvement of 
gray matter structures. Focal calcification has been 
reported. 

In most cases, there is no or only partial enhance- 
ment of the involved structures after contrast injec- 
tion. This, however, depends on the technique used. 
With triple-dose gadolinium one may see some 
enhancement; a delayed scan (e.g., 1 h delay) may 
show enhancement in an unexpectedly large area 
(Fig. 103.3). Leptomeningeal dissemination may be 
observed, the disseminated lesions showing contrast 
enhancement. 



Diffusion-weighted imaging with ADC maps is 
useful, in combination with chemical shift imaging 
and perfusion imaging, to find the places with the 
highest malignancy to direct a brain biopsy, when 
considered necessary, or to direct a local boost or in- 
tensity-modulated radiotherapy. In the affected areas 
MRS shows decreased AT-acetylaspartate, normal or 
increased choline, and, in some patients, strikingly 
increased rayo-inositol. Myo-inositol is exclusively 
present in glial cells. 

The MR pattern of the disease is nearly always di- 
agnostic. In cases with central location and symmet- 
rical involvement of the thalamus, central venous 
thrombosis has to be excluded, for which purpose 
MRA can be used. Postictal changes may mimic the 
MR appearance of gliomatosis cerebri. In these cases 
the abnormalities disappear within 14 days. 



Chapter 104 

Diffuse Axonal Injury 



104.1 Clinical Features 

and Laboratory Findings 

Head trauma, especially in motor vehicle accidents, 
can lead to a wide spectrum of cerebral and intracra- 
nial lesions, with usually different clinical presenta- 
tions (epidural and subdural hematomas, subarach- 
noid and intracerebral hemorrhages, cerebral contu- 
sions, generalized cerebral edema, and secondary 
phenomena, such as hydrocephalus, raised intracra- 
nial pressure, and tentorial herniation), and different 
findings on CT and MRI. 

About 50% of patients with traumatic accelera- 
tion-deceleration injuries are diagnosed with diffuse 
axonal injury (DAI), also called shearing injury. Clin- 
ically, DAI is characterized by loss of consciousness 
following the accident, usually without a lucid inter- 
val, a very low score on the Glasgow Coma Scale, and 
discrepantly subtle abnormalities on CT scans. When 
lesions are seen on CT, they consist mainly of pe- 
techial hemorrhages at the cortico-subcortical junc- 
tion, in the body or splenium of the corpus callosum, 
and/or in the basal ganglia and brain stem. 

Intracranial pressure measurements in patients 
with DAI are, at least in the beginning, normal, in con- 
trast to the case with most of the other brain injuries. 

DAI may result in death. It is unclear how often 
death occurs in DAI, but one may assume that it oc- 
curs in a high percentage of the patients. When it 
comes to a correct estimation of the frequency of 
death, the problem is that numbers provided by dif- 
ferent specialists - neurologists, traumatologists, and 
neuropathologists - are not consistent. In some re- 
ports (by neurologists) it is stated that DAI rarely re- 
sults in death, whereas others (neuropathologists) 
claim that DAI is an important cause of death in accel- 
eration-deceleration trauma. This difference is at 
least partly due to the different populations they en- 
counter. About 90% of patients with a clinical diagno- 
sis of DAI, however, will remain in a vegetative condi- 
tion. 

In the first episode patients with DAI stay in the in- 
tensive care unit, in many cases artificially ventilated. 
During this period it would be important for the 
management of these patients to have a reliable pre- 
diction of outcome, most importantly to maintain the 
option to discontinue treatment that will not further 
improve the condition of the patient. Clinical and 
neurophysiological data are important in that re- 



spect. EEG will reflect the seriousness of the function- 
al disturbance of the brain, and will provide impor- 
tant information. MRI, in particular with more recent 
MR techniques, such as diffusion-weighted imaging, 
perfusion imaging, and MRS, may be helpful in pre- 
dicting outcome. 



104.2 Pathology 

Pathological findings depend heavily on the time be- 
tween the initial accident and the postmortem analy- 
sis. Because of the many secondary reactions that 
occur after the initial trauma, histological findings 
may be different in different stages. Unfortunately, 
very often the time between the accident and death is 
not reported. 

In general, macroscopic findings may be normal or 
reveal focal atrophy, either cortical or in the rostral 
part of the brain stem. In early cases brain edema may 
be severe and tentorial herniation may be present. 

Microscopic examination may demonstrate that 
axons are torn completely, but more often the damage 
is incomplete. Focal alterations in the axoplasmic 
membrane may result in impairment of the axoplas- 
mic transport. Swelling ensues and the axon is dis- 
sected. Early damage to the axons is shown by the 
presence of large numbers of eosinophilic and argy- 
rophilic bulbs on nerve fibers, forming the so-called 
retraction balls, the pathological hallmark of shear- 
ing injury. Macroscopically, lesions in DAI are usually 
ovoid or elliptical, following the long axis of the 
injured axons. Their distribution is not uniform or 
symmetrical, but they occur particularly at the junc- 
tion of gray and white matter, in the corpus callosum, 
septum, fornix, internal capsule, deep gray matter, 
tegmentum, and cerebellar foliae dorsal to the dentate 
nuclei. The lesions are often hemorrhagic; the hemor- 
rhages occur in a linear pattern, following the distor- 
tion of layers. In later stages, atrophy dominates the 
picture. Of the basal ganglia, the lateral and ventral 
nuclei of the thalamus are most atrophic, usually with 
sparing of the anterior and dorsomedial nuclei, the 
pulvinar, the centromedian nuclei, and lateral genicu- 
late bodies. Cholinergic neurons have been found to 
be more susceptible than neurons belonging to other 
categories of neurotransmitters. Immunocytochemi- 
cal staining for p-amyloid precursor protein (P-APP) 
detects with great sensitivity axons that have im- 
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paired fast axonal transport. In normally functioning 
axons p-APP is transported with fast axonal trans- 
port and never builds up to a concentration that al- 
lows its detection in tissue samples. When this fast 
axonal transport system is damaged, p-APP rapidly 
accumulates in the disrupted segment. This accumu- 
lation occurs before morphological methods detect 
the axonal damage. It is not known whether axonal 
damage thus detected is potentially reversible. The 
P-APP staining technique has demonstrated that 
even in apparently minor head trauma damage may 
occur to axons. In animal experiments there is a good 
correlation between the amount of axonal damage 
and the clinical outcome. 



104.3 Pathogenetic Considerations 

DAI is a shearing injury. It has been found experi- 
mentally that shearing injury is not induced by linear 
or translational forces but rather by rotational forces. 
A sudden acceleration-deceleration impact can pro- 
duce rotational forces. Where the lesions occur de- 
pends on the distance to the rotational center, the arc 
of rotation, and the duration and intensity of the 
force. Because of the relative fixation of certain parts 
of the brain to the rigid skull, the deep and superficial 
portions may not move at the same rate and can even 
move in different directions. This will result in shear 
strain that manifests across the axons and results in 
axonal injury and rupture. Different brain parts have 
different consistencies depending on cell composi- 
tion and cell density. Injuries to the brain will be most 
prominent at their junction, where differences in tis- 
sue densities are greatest. One such vulnerable site is 
the gray- white matter junction, involved in 60-70 % 
of patients with DAI. Other vulnerable sites are the 
corpus callosum, corticospinal tracts, basal ganglia, 
and the brain stem. The initial damage to the brain is 
followed by secondary reactions related to hemor- 
rhage, edema, changes in local perfusion, and trigger- 
ing of biochemical cascades. Swelling of the brain 
may lead to tentorial herniation; swelling of the brain 
stem may lead to hydrocephalus. Disruption of neu- 
ronal and axonal connections leads to wallerian de- 
generation and atrophy. 

It is probably the extent of the lesions and the in- 
volvement of the rostral brain stem that leads to the 
vegetative state in many of the patients. It is thought 
that damage to the rostral part of the brain is the 
cause of a reduction in dopamine turnover. In the first 
few hours after the traumatic brain injury, cate- 
cholamines in the CSF are raised. Soon the cate- 
cholamine production is chronically decreased and 
the levels in the CSF drop. Plasma norepinephrine 
levels have been shown to correlate with the Glasgow 
Coma Score and may correlate with the outcome of 



brain injury. Homovanillic acid, a breakdown product 
of the adrenergic neurotransmitter systems, is signif- 
icantly decreased soon after brain injury, and the 
level correlates with the depth of coma. 



104.4 Therapy 

Dopamine, one of the catecholamines, is an important 
neurotransmitter in the CNS. In DAI a reduction of 
dopamine turnover has been found. This observation 
has prompted the introduction of amantadine (Sym- 
metrel) therapy in DAI. Amantadine is a drug known 
from treatment of Parkinson disease. Amantadine 
causes release of dopamine from central neurons, 
facilitates dopamine release by nerve impulses, and 
delays the uptake of dopamine by neural cells. It may 
also have a profound AT-methyl-D-aspartate receptor 
antagonist effect, which may contribute to the neuro- 
protective effects after injury, by decreasing gluta- 
mate concentrations and thus excitotoxicity. In a 
randomized crossover design study in DAI patients, 
there was a consistent trend toward more rapid func- 
tional improvement with amantadine treatment, 
regardless of when during the first three months 
after injury the amantadine treatment was started 
(Meythaler et al. 2002). From these findings it is also 
clear that medication that results in dopaminergic 
blockade is contraindicated in the early stage of 
recovery from DAI. 



104.5 Magnetic Resonance Imaging 

In emergency departments CT is usually the first 
imaging modality used in cases of head trauma. In 
most presentations of head trauma CT is capable of 
producing a correct diagnosis. CT has the advantage 
over MRI of more clearly showing skull fractures. In 
DAI there is usually a discrepancy between the depth 
of the coma as expressed in the Glasgow Coma Score 
and the lack of or subtle findings on CT (Fig. 104.1). 
White matter abnormalities develop over time 
(Fig. 104.1). 

MRI is the best imaging modality by which to con- 
firm the diagnosis and to classify the lesions, usually 
employing the grading scale of Gennarelli. This scale 
divides the findings into three groups: lesions with 
and without hemorrhage at the gray-white matter 
junction, especially in the temporal and frontal areas 
(type 1), combined with lesions in and around the 
corpus callosum (type 2), and with lesions in the basal 
ganglia and the rostral brain stem (type 3). The scale 
roughly correlates with outcome. 

Conventional MRI with T x -weighted, T 2 -weighted, 
T 2 *-weighted, and FLAIR images is more sensitive in 
depicting tissue changes than is CT (Figs. 104.2- 
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Fig. 104.1. A 36-year-old man with severe head trauma. The 
first row of images, obtained on admission, shows evidence of 
white matter shearing in the frontal subcortical region, corpus 
callosum, basal ganglia, and thalami with presence of small 
hemorrhages. The second row of images, obtained 1 week 
later, shows the hemorrhages to be more pronounced.There is 



a developing leukoencephalopathy in the frontal region. The 
third row shows the images obtained 6 weeks after the acci- 
dent. The hemorrhages have now disappeared. The frontal 
cortex seems intact, whereas the frontal white matter is hypo- 
dense, related to wallerian degeneration 



104.5). The role of T 2 * -weighted images in establish- 
ing the diagnosis is considerable. Even early on he- 
mosiderin deposits depict the linear nature and mul- 
tiplicity of lesions (Figs. 104.2 and 104.5). The role of 
MR is even more pronounced when newer tech- 



niques, such as diffusion-weighted images with Trace 
and ADC maps, tensor diffusion imaging with frac- 
tional anisotropy and fiber tracking, perfusion imag- 
ing, and magnetization transfer ratio maps are added 
to the protocol. These techniques allow assessment of 
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Fig. 104.2. 
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Fig. 104.3. A 14-year-old girl was the victim of a traffic acci- 
dent. The FLAIR images on the left {first column) show some 
subdural blood in the left occipital region and a lesion in the 
left frontal lobe.There are lesions in the basal ganglia and thai- 
ami. Diffusion-weighted Trace images {second column) show 



the lesions with greater conspicuity, especially those in the 
basal ganglia, thalami, and the medial parts of the occipital 
lobes. ADC values {third column) are low (<40-50% of normal 
values) in the affected areas 



the presence and extent of lesions at an early stage, of 
the loss of structural integrity, and of changes in 
brain perfusion. 

Diffusion-weighted imaging, commonly using a 
combination of Trace diffusion-weighted images and 



Fig. 104.2. A 43-year-old female, hit by a car, remained co- 
matose with low Glasgow Coma Scale values. The FLAIR im- 
ages {first and second rows) show small lesions at the cortico- 
subcortical junction in both frontal lobes, a small hemorrhag- 
ic lesion in the posterior corpus callosum, contusions in the 
right frontal operculum and the left putamen, blood around 
the parieto-occipital lobes on the right,a contusion in the right 
temporal lobe, and bilateral lesions in the midbrain, pons, and 
left superior cerebellar peduncle. Gradient echo images {third 
and fourth rows) show hemosiderin deposits in some of the le- 
sions, especially in the cortico-subcortical lesions in the frontal 
lobes 



ADC maps, is extremely sensitive in depicting post- 
traumatic changes at a very early stage. Most of the 
lesions show a high signal on the Trace diffusion- 
weighted images. Many of these lesions show a lower 
than normal ADC value (Figs. 104.3 and 104.6). It re- 
mains to be seen whether, as suggested, lower ADC 
values correspond with poorer outcome. 

It is too early to describe the potential role of diffu- 
sion tensor imaging in combination with fiber track- 
ing. One can imagine that fiber tracking may illus- 
trate the disrupted connections in the brain and pre- 
dict the loss of local functionality. 

MRS has been repeatedly mentioned as capable of 
better predicting the functional outcome of brain in- 
juries. The MR parameter used in these studies is the 
AT-acetylaspartate concentration. The AT-acetylaspar- 
tate concentration is thought to reflect the quantity 
and integrity of axons and neurons in the voxel. Since 
axonal damage is a good predictor of outcome, there 
is obviously a role for MRS. The drawback here is that 
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Fig. 104.4. Series of transverse proton density images of a 
32-year-old man who was involved in a frontal collision show 
lesions at the cortico-subcortical junction, in the truncus and 
splenium of the corpus callosum, basal ganglia,thalamus, pos- 



terior limb of the internal capsule,and in the rostral brain stem. 
All three types of the Gennarelli scale are present in this 
patient (see also Fig. 1 04.7) 



in most studies MRS is postponed until the patient is 
in a stable condition, which means a considerable 
time interval between the accident and the per- 
formance of MRS, varying between 3 and 35 days. 



The most important patient management decisions 
should ideally be made in the first 2 weeks, when pa- 
tients are still in the intensive care unit and ventilator- 
dependent. 
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Fig. 1 04.5. Gradient-echo (FLASH) images of the same patient as in Fig. 1 04.4 show the hemorrhagic component in each of the 
lesions. Blood has also leaked into the ventricles 
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Fig. 104.6. 
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Fig. 1 04.7. The three types according to Gennarelli are all pre- 
sent in this patient and shown in this figure.The images on the 
left {first column) show the cortical lesions. The middle images 



{second column) reveal the corpus callosum lesions. The im- 
ages on the right {third column) demonstrate the brain stem 
lesions 



Fig. 104.6. Diffusion-weighted Trace images of the same pa- 
tient as in Figs. 1 04.4 and 1 04.5 {first and second rows, b = 1 000) 
show high signal intensity in nearly all lesions. ADC maps 
{third and fourth rows) show very low values (as low as 
0.53 x 10~ 3 mm 2 /s, normal 0.85-0.95 x 10" 3 mm 2 /s) in some of 
the lesions 



Chapter 105 

Wallerian Degeneration and Myelin Loss Secondary 
to Neuronal and Axonal Degeneration 



105.1 Introduction 

There are basically two causes of wallerian degenera- 
tion in our definition: neuronal cell death and axonal 
lesions. It should be noted that our definition is wider 
than usual and includes not only acute axonal lesions, 
but neuronal and axonal lesions of any kind. Degen- 
eration of the entire arborization of a neuron with its 
axon and axonal branches inevitably follows necrosis 
of the neuronal cell body. Examples are degenerative 
diseases affecting neuronal cell bodies and axons, 
such as amyotrophic lateral sclerosis, Friedreich atax- 
ia, olivopontocerebellar atrophy, and neuronal ceroid 
lipofuscinosis. A lesion of the axon that leads to an in- 
terruption of its continuity gives rise to degeneration 
of the distal part, whereas the proximal portion as a 
rule survives. The myelin in the distal portion under- 
goes dissolution as a consequence of the axonal de- 
generation, as the integrity of the myelin sheaths de- 
pends on continued contact with a viable axon. The 
changes in the distal part of the interrupted nerve are 
called wallerian degeneration in a narrower sense, 
following Waller's original description of the changes 
that he observed after cutting the glossopharyngeal 
and hypoglossal nerves in the frog in 1850. 

Any lesion of axons that leads to an interruption 
and any lesion of nerve cell bodies that leads to cell 
death are followed by wallerian degeneration. In all 
white matter disorders, wallerian degeneration even- 
tually plays a role, as myelin loss is followed by sec- 
ondary axonal degeneration, which in turn is fol- 
lowed by wallerian degeneration of the distal parts of 
the axons and their myelin sheaths. Wallerian degen- 
eration as such cannot be considered a condition that 
primarily affects myelin. Nevertheless, wallerian de- 
generation with myelin loss secondary to neuronal 
and axonal degeneration are discussed here as a com- 
ponent of all disorders and because the MRI appear- 
ance maybe mistaken for primary white matter affec- 
tion. This is especially the case when the cortex and 
the neuronal cell bodies are unaffected. An example is 
the traumatic shearing of nerve fibers, which may 
lead to bilateral extensive white matter degeneration, 
whereas the cortex is remarkably normal. 



105.2 Pathology 

Characteristic of wallerian degeneration is the fact 
that the sequence and timing of its changes are high- 
ly stereotyped. The cascade of events is similar in the 
PNS and CNS, but much slower in the CNS. Most ex- 
perimental studies of wallerian degeneration in the 
CNS have been carried out in the optic nerve, degen- 
erating as a result of enucleation of the eye. Tract de- 
generation in the dorsal column of animals has also 
been studied after myelotomy. Human studies mainly 
concern wallerian degeneration after hemorrhage, 
stroke, tumors, and traumatic lesions. 

Abnormalities in axons severed from their neu- 
ronal perikarya precede changes in the myelin sheath. 
There is no spatiotemporal gradient of degradation: 
abnormalities appear over the whole length of the 
axons simultaneously. About 8-15 days after the 
event, the axons have disintegrated, whereas the 
myelin still appears normal. Most axonal debris dis- 
appears from degenerating tracts within about 1 
month. In the process of wallerian degeneration, 
degradation of myelin sheaths becomes apparent 
after 30-90 days and the myelin sheaths disintegrate. 
The breakdown of myelin into simpler lipids does not 
start until after about 100 days and takes place in the 
cytoplasm of phagocytic cells. 

The pivotal process of wallerian degeneration is 
granular disintegration of the cytoskeleton, in which 
the normal cytoskeletal elements of the axon, the 
neurofilaments and microtubules, are abruptly 
depredated to granular and amorphous debris. This 
change occurs throughout the distal stump in the first 
48 h after dissection. Granular disintegration of the 
cytoskeleton is the result of the activation of ion-sen- 
sitive proteases within the distal stump. A rise in in- 
tra-axonal calcium to critical levels initiates the pro- 
teolysis of the axoplasm. The reason for the rise in cal- 
cium is still unclear. Some evidence suggests that 
macrophages may also participate in the granular 
disintegration of the cytoskeleton: anti-macrophagic 
antibodies appear to delay axonal breakdown. The 
proteases, however, appear to be intrinsic to the axon. 
Granular disintegration of the cytoskeleton is associ- 
ated with loss of the axolemma as well as the axo- 
plasm, so that the myelin sheath surrounds an appar- 
ently empty cylinder formerly occupied by the axon. 
The granular debris still contains some axonal resid- 
ua, as shown by the ability to stain the degenerating 
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fibers by silver impregnation for long periods after 
axotomy, and by the staining with some anti-neurofil- 
ament antibodies, even in the absence of surviving fil- 
amentous organelles. Following granular disintegra- 
tion of the cytoskeleton, the myelin sheaths lose their 
regular smooth outline and undergo segmentation 
into short portions with closed ends, termed "ovoids," 
which break down into smaller globules. The myelin 
collapses radially upon itself, the lamellae become 
loose, and the periodicity of myelin is gradually lost. 
Clearing of the debris is performed by macrophages. 
Without macrophages there is no efficient clearing. In 
the PNS this is achieved by circulating macrophages; 
in the CNS the process is much slower and not com- 
pletely understood. 

Electron microscopy reveals the degenerating 
axons and axonal debris to be surrounded by myelin 
sheaths, occasionally irregularly folded. The myelin 
sheaths initially show a regular structure with major 
and minor dense lines and a periodicity of 105 A. 
Splitting of myelin lamellae is noted. The structure of 
myelin lamellae continues to change with time, devel- 
oping into uniformly layered structures with a peri- 
odicity of 40-50 A. At this stage, the myelin degrada- 
tion products become smaller and are phagocytosed. 
Unstructured lipid droplets as well as complex lamel- 
lar inclusions are typically found in phagocytic cells 
during the later stages of degeneration. Inclusions of 
unstructured lipid crystals are sometimes seen. In the 
final stages, numerous different inclusions are seen. 

The role of oligodendrocytes in wallerian degener- 
ation in the CNS is not clear. It is probable but not cer- 
tain that oligodendrocytes do not participate, or par- 
ticipate only to a minor extent. Macrophages, astro- 
cytes, and multipotent glial cells have been observed 
to contain myelin debris. 

Histological evidence indicates that wallerian de- 
generation takes place at different rates depending on 
a number of variables. The most important factor in 
determining the course of the wallerian degeneration 
is whether the axonal or neuronal lesion is acute and 
monophasic or chronically progressive. 



105.3 Chemical Pathology 

Biochemical analysis of CNS myelin undergoing wal- 
lerian degeneration shows a gradual decrease in all 
myelin constituents but otherwise a remarkable nor- 
mality in the composition of the remaining myelin. 
Only an increase in cholesterol esters and a slight de- 
crease of ethanolamine phosphoglycerides have been 
demonstrated. Neither are any major abnormalities 
found in the protein constituents. Basic protein is lost 
from the myelin sheath relatively early in the process 
of myelin degradation, due to an increase in pro- 
teinase activity. This occurs before phagocytosis of 



myelin by macrophages and astrocytes and results in 
transformation of myelin sheaths into uniformly lay- 
ered lipid structures. Cholesterol esters are the major 
constituents of the lipid droplets and the crystal in- 
clusions of phagocytic cells. The change in biochemi- 
cal composition of whole white matter depends on 
the extent of myelin loss. Cholesterol esters are rela- 
tively elevated. 



105.4 Pathogenetic Considerations 

Wallerian degeneration entails both breakdown of 
the axon and clearance of myelin from the distal 
stump of the transected nerve fibers as described in 
the previous paragraph. Wallerian degeneration is 
one of the most prevalent types of cellular pathology 
in nervous system disease. 

The pathogenesis of wallerian degeneration de- 
pends largely upon the type of initial injury. The time 
schedule differs according to whether the lesion oc- 
curs acutely (as in stroke, intracerebral hemorrhage, 
and traumatic diffuse axonal injury), more slowly (as 
in progressive neurodegenerative disorders such as 
amyotrophic lateral sclerosis, Friedreich ataxia, neu- 
ronal ceroid lipofuscinosis, and Alzheimer disease), 
or is accompanied by an inflammatory reaction (in 
infectious or inflammatory disease, such as multiple 
sclerosis and HIV encephalopathy). 

The isolation of myelin retaining an almost normal 
protein and lipid composition despite wallerian de- 
generation as late as 90 days after the injury is consis- 
tent with the morphological evidence that in waller- 
ian degeneration in the CNS the breakdown of myelin 
occurs mainly within the cytoplasm of phagocytic 
cells. It would seem that the myelin sheath is degrad- 
ed as a unit, with nonselective digestion of myelin 
constituents, cholesterol esters being the only resid- 
ual constituents. 

A model of four stages of myelin degradation in 
wallerian degeneration has been proposed (Lassman 
etal. 1978a, b): 

1. The stage of mechanical deterioration of myelin 
sheaths, showing normal myelin periodicity un- 
der the electron microscope. 

2. The stage of degradation of digestible proteins, re- 
sulting in the transformation of myelin sheaths in- 
to uniformly layered structures. 

3. The stage of lipid degradation, accompanied by 
the occurrence of unstructured lipid droplets and 
crystals in phagocytic cells. 

4. The stage of deposition of poorly digestible lipids 
or lipoproteins, resulting in numerous different 
electron microscopic inclusion types in phagocyt- 
ic cells. Resolution of tissue debris and atrophy are 
the final stage in the process. 

These four stages are reflected in MRI. 
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Fig. 105.1. A patient with subacute 
meningoencephalitis involving the 
leptomeninges over the left hemi- 
sphere and the cortex in the occipital 
region. On theT 2 -weighted images 
{first row) the white matter under- 
neath the affected cortex has a lower 
signal intensity than the white matter 
elsewhere.This represents the second 
stage of wallerian degeneration. The 
second row shows T] -weighted images 
after contrast with occipital cortical 
enhancement 



105.5 Magnetic Resonance Imaging 

In the CNS, wallerian degeneration of long tracts can 
usually be well depicted. As a multiplanar modality, 
the MR plane can be chosen to depict the signal 
changes over their full length. Depending on the loca- 
tion of the primary lesion or lesions, wallerian tract 
degeneration can be unilateral or bilateral, and, if bi- 
lateral, symmetrical or asymmetrical. Normally the 
long tracts of densely packed white matter have 
somewhat lower signal intensity on proton density 
and T 2 -weighted images than the remainder of the 
white matter. In wallerian degeneration the signal in 
the tract is lower or higher than usual compared to 
the normal white matter tracts, depending on the 
stage of degeneration. In fact MRI can help to distin- 
guish the four stages of wallerian degeneration, each 
resulting from a rather well-defined phase in the 
process of degeneration: 

1. Physical degeneration of the axon occurs first, 
with only mild biochemical changes. This happens 
in the first 2-4 weeks after the incident. This stage 
is not visible on conventional MR images. 

2. The first stage is followed by myelin protein break- 
down without myelin lipid breakdown. The result- 
ing material with high lipid content is considered 



to be hydrophobic, causing low signal intensity 
on proton density and T 2 -weighted images. This 
occurs between 4 and 14 weeks after the incident 
(Fig. 105.1). 

3. Next, myelin lipid breakdown starts to take place, 
with gliosis and increased water content, leading 
to a higher signal intensity of the involved tracts 
on proton density and T 2 -weighted images 
(Figs. 105.2 and 105.3). 

4. Finally, after a number of months to years, the ab- 
normal tissue constituents are removed and atro- 
phy results (Fig. 105.4). 

Conventional MRI is able to depict stages 2-4. Al- 
though there is considerable overlap in time, each 
phase has been recognized. There is a crossover of 
contrast between the degenerating tract and the sur- 
rounding tissue between stages 2 and 3, "fogging" the 
MR depiction of wallerian degeneration. 

Most attention has been paid to local wallerian de- 
generation following acute focal lesions and involving 
single tracts, most often sensorimotor tracts. Acute 
diffuse wallerian degeneration occurs in cases of 
diffuse axonal injury, with disruption of corti- 
comedullary connections. The wallerian degenera- 
tion leads to diffuse white matter degeneration in the 
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Fig. 1 05.2. The third phase of wallerian degeneration is clear- 
ly displayed on these T 2 -weighted images, showing the initial 
lesion and the corticospinal tracts undergoing wallerian de- 



generation all the way down into the brain stem. From Wara- 
gai et al. (1 994), with permission 




Fig. 105.3. Prototype of wallerian degeneration late in the 
third phase. The T 2 -weighted image shows a hemorrhagic 
lesion in the corona radiata on the left. Wallerian degeneration 
is seen in the corticospinal tract with high signal intensity. 
Atrophy is setting in 



course of weeks (see Chap. 104). The subcortical and 
deep white matter have a low density on CT images 
and remarkably low signal intensity on proton densi- 
ty and T 2 -weighted MR images. This occurs in a phase 
where protein degradation is most prominent and 
lipid degradation still absent. In the next phase the 
involved area shows higher signal intensity on T 2 - 
weighted and FLAIR images. Finally, atrophy with 
focal gliosis results. 

In addition, focal or diffuse, low-grade wallerian 
degeneration occurs in neurodegenerative disorders 



with loss of neurons, such as in amyotrophic lateral 
sclerosis, neuronal ceroid lipofuscinosis, Niemann- 
Pick disease type C, Friedreich ataxia, Alzheimer dis- 
ease, and in slowly developing inflammatory disor- 
ders. Neurons and axons disappear gradually and not 
all at the same time. That means that stages of waller- 
ian degeneration overlap and that there are no stages 
to be visualized separately. In these disorders, MRI 
shows cortical atrophy and often, in addition, a 
slight to moderate increase of signal intensity in the 
cerebral hemispheric white matter (Fig. 105.5). The 
changes in normal-appearing white matter in relaps- 
ing-remitting and secondary progressive forms of 
multiple sclerosis are probably also, at least in part, 
the result of wallerian degeneration. 

Wallerian degeneration has also been reported 
in the spinal cord, in particular in the posterior 
columns. This occurs after trauma of the spinal cord 
or in the course of a myelopathy, either caused by 
degenerative changes of the vertebral column, or by 
infectious or inflammatory lesions. From the lesion in 
the spinal cord wallerian degeneration occurs in two 
directions: downwards in the motor tracts, and up- 
wards in the sensory tracts. In some degenerative cas- 
es there is a gap between the location of the original 
myelopathic lesions and the wallerian degeneration, 
the latter becoming visible several segments higher in 
the afferent tracts. Given time, the parts in between 
also show signal intensity changes in the affected 
tracts. 

To improve the detection of wallerian degenera- 
tion on MR, special techniques, such as diffusion- 
weighted imaging and magnetization transfer ratio 
(MTR) measurements can be used. The most impor- 
tant advantage is that with these techniques changes 
can be detected in an earlier phase than with conven- 
tional MRI. In the first stage of wallerian degenera- 
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Fig. 1 05.4. T 2 -weighted transverse series show a left opercular infarction. In the fourth stage of wallerian degeneration, atrophy 
results, as is shown in the brain stem {arrows) 



tion following an acute lesion, diffusion -weighted 
imaging reveals a decreased apparent diffusion co- 
efficient in the tracts involved in the degenerative 
process (Figs. 105.6 and 105.7), whereas the MTR in 
these tracts is increased, and anisotropic diffusion- 
weighted imaging or diffusion tensor imaging reveals 
loss of anisotropy in the affected tracts. The subse- 
quent changes are more gradual and are progressive 
over time. From the second stage of wallerian degen- 
eration onwards and continuing in the subsequent 
stages, the ADC is increased, MTR is decreased, and 
further loss of anisotropy occurs. 

Long-term follow-up studies with diffusion tensor 
imaging in patients with more slowly progressive 
tract degeneration, such as in amyotrophic lateral 
sclerosis, show loss of anisotropy, decreased ADC val- 



ues, and a decreased MTR in the tracts involved. The 
MTR shows changes in the affected tracts before there 
are abnormalities in T 2 that lead to signal changes on 
conventional images (including FLAIR). Follow-up 
studies show increasingly abnormal values over time. 
In contrast with wallerian degeneration following an 
acute incident, there is no transition from one phase 
of degeneration to the other. 

MRS allows detection of changes in concentration 
of AT-acetylaspartate in regions with loss of neurons 
or axons. Follow-up studies with MRS in patients 
with amyotrophic lateral sclerosis demonstrate that a 
marked decrease in the AT-acetylaspartate/choline 
ratio is associated with the development of signs of 
upper motor neuron disease, and may even precede 
the appearance of pyramidal signs. 
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Fig. 1 05.5. In this 1 0-year-old boy with Niemann-Pick disease 
type C, wallerian degeneration is seen in the white matter, sec- 
ondary to cortical neuronal loss. There is a diffuse increase in 
signal intensity of the cerebral white matter on T 2 -weighted 
images and loss of distinction between gray and white matter. 



Note the cerebral atrophy. A combination of atrophy and sub- 
tle white matter signal abnormalities is suggestive of primary 
neuronal or axonal degeneration rather than a primary 
myelinopathy 




Fig. 1 05.6. A 5-week-old female infant with onset of seizures 
3 days before the MRI. Neurological examination revealed 
right arm impairment. MRI reveals a left middle cerebral artery 
infarction. The images at the level of the midbrain are shown. 
The T 2 -weighted image {left) reveals no abnormalities. The 



Trace diffusion-weighted image {middle) reveals a high signal 
in the left cerebral peduncle, whereas the ADC map {right) 
reveals a decreased ADC in that area. From Mazumdar et al. 
(2003), with permission 
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Fig. 1 05.7. A 4-day-old neonate with 
right middle cerebral artery infarction. 
The two images in the first row are 
T 2 -weighted fast spin echo images 
{left transverse, right coronal). 
Increased signal intensity is present 
in the white matter of the right 
temporal lobe and insular region; 
the overlying cortex has a high signal 
in some parts, a low signal in others. 
A focus of hemorrhage is seen in the 
corona radiata and putamen.The 
images show abnormally high signal 
in the right corticospinal tract {arrow- 
heads). Diffusion-weighted images 
{second row left transverse, right 
coronal) show increased signal inten- 
sity in the territorial infarct and the 
right cerebral peduncle {arrowheads). 
The corresponding ADC maps {third 
row left transverse, right coronal) show 
reduced ADC values in the infarcted 
region and the right cerebral pedun- 
cle {arrowheads). Images of the 
fourth row containing the transverse 
diffusion-weighted image {left) and 
corresponding ADC map {right) show 
involvement of the splenium of the 
corpus callosum with decreased 
diffusion. From Mazumdar et al. 
(2003), with permission 



Chapter 106 

Diffusion-Weighted Imaging 



106.1 Introduction 

A drop of ink in a glass of water will spread through- 
out the water by a process known as diffusion. This 
phenomenon was first observed by Brown in 1827 
and bears his name, brownian movement. His experi- 
ments, executed with Clarkia pollen spread on a wa- 
ter surface, led to wide speculations about the nature 
of the movements observed. "He suspended some of 
the pollen grains in water and examined them close- 
ly, only to see them 'filled with particles' that were 
Very evidently in motion'. He was soon satisfied that 
the movement 'arose neither from currents in the flu- 
id, nor from its gradual evaporation, but belonged to 
the particle itself 5 . In due course he was to carry out 
careful experiments to disprove these alternative ex- 
planations, and it has been shown that Brown was 
able to anticipate the later objections of those who 
would doubt his capacity to have observed what he 
claimed. It must have been tempting for Robert 
Brown to assume, as had other workers before him, 
that here was the very essence of life." (Ford, 1992) 

Much later it became clear that the movement of 
particles was the result of random movement of wa- 
ter molecules. Temperature proved to be an impor- 
tant factor in determining the rate of the movement of 
molecules, and therefore the process is also referred 
to as thermodynamic movement. The human body 
consists to 60-80% of water. Molecular movements in 
the body are modified by complex tissue compart- 
ments. The brain, for example, consists of many dif- 
ferent structures, restricting to a greater or lesser ex- 
tent the free movements of water molecules. This 
leads to differences in diffusion of water molecules 
between different brain structures, which makes dif- 
fusion a potential source of image contrast. When wa- 
ter movement is relatively unrestricted in all direc- 
tions, diffusion is isotropic; when restrictions are pre- 
sent in one or more directions, water movement is 
anisotropic. Diffusion in gray matter in adults is near- 
ly isotropic; on the other hand, diffusion in white 
matter, with its compact and organized structure of 
myelinated axons and fiber tracts, is anisotropic. Dis- 
ease states may also lead to changes in the freedom of 
water diffusion. 

It has become possible, by using MR techniques 
with a spatial resolution in the order of square mil- 
limeters, to measure changes in the freedom of water 



movement at the molecular level. MRI is based upon 
the resonance condition of protons brought about by 
a strong static magnetic field. Protons in this condi- 
tion can absorb and subsequently release energy of a 
special frequency (resonance frequency). The re- 
sponse or released energy of the protons can be col- 
lected by coils placed around the body or a body part 
as the MR signal. The MR signal is used to reconstruct 
images and depends on many factors, such as pulse 
sequence, slice thickness, matrix, and number of ac- 
quisitions. The strength of the signal is ultimately the 
sum of protons in and out of phase in a pixel (picture 
element) or, more correctly, in a voxel (volume ele- 
ment). With all other parameters identical, the signal 
is at its maximum when all protons in a voxel are in 
phase. The signal decreases when a number of pro- 
tons are out of phase (or dephased). Diffusion of wa- 
ter molecules leads to dephasing of protons and 
therefore loss of signal. This means that in MR images 
unrestricted diffusion leads to loss of signal and re- 
stricted diffusion leads to a smaller loss of signal. On 
a relative scale this means that tissue with restricted 
diffusion will appear brighter in the image, while tis- 
sues with less restricted diffusion will appear darker. 
The contribution to dephasing of protons caused 
by diffusion of water molecules in the order of cell 
dimensions, 5-25 um 2 /s, is not detectable on images 
made with standard MR pulse sequences. Two devel- 
opments were necessary to realize the visualization of 
diffusion effects with MR equipment. The first was 
the improvement of the temporal resolution by ultra- 
fast imaging techniques (now usually single shot echo 
planar pulse sequences). These techniques have the 
advantage of "freezing" motion. Motion in the order 
of cell dimensions is rapidly overshadowed by move- 
ments of the patient, voluntary and involuntary, 
by respiration, and pulsation of vessels and cere- 
brospinal fluid. The second requirement was the 
introduction of a set of strong, opposed "diffusion" 
gradients enhancing the diffusion process. Applica- 
tion of these techniques has made it possible to intro- 
duce diffusion-weighted imaging (DWI) into clinical 
practice. The MR application of DWI is practiced on 
two levels: a relatively simple level with rapid acquisi- 
tion of clinically useful information, and a more 
complex level allowing more precise estimation and 
quantization of anisotropy and 3D analysis of the 
data. 
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106.2 DWI Techniques 

For DWI it is necessary to use ultrafast sequences 
to "freeze" motion, as mentioned above. Even then, 
however, the small contribution of diffusion to the 
dephasing of protons is not visible on single shot 
echo planar images and is easily overshadowed by T 2 
effects. It is necessary to enhance the diffusion effects 
by applying strong, opposed diffusion gradients 
(Stejskal-Tanner sequence) (Stejskal and Tanner 
1965; Fig. 106.1) that cancel all "coherent" motion 
within the voxel and enhance the effect of diffusion of 
protons. 

The diffusion sensitivity is expressed as the b value 
of the sequence and usually varies between 500 
and 4000 s/mm 2 . On commercial scanners the maxi- 
mum value often does not exceed 2000; usually 
b = 1000 s/mm 2 . Quantitative information about dif- 
fusion can be obtained in several ways. The simplest 
way is to measure the apparent diffusion coefficient 
(ADC) of the tissue. There is an exponential decrease 
in signal intensity with increasing b values. The ADC 
is measured by estimating the slope of the exponen- 
tial curve describing the signal intensities at different 
b values. Measurements at two or more different 
b values (usually 500 and 1000) are used to calculate 
the ADC. The word "apparent" refers to the fact that in 
vivo it is not possible to measure the "pure" diffusion 
coefficient D. The diffusion coefficient measured - the 
apparent diffusion coefficient - averages different 
tissues with different diffusion coefficients present in 
one voxel; it is also influenced by other parameters, 
such as the presence of microparticles of iron. ADCs 
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Fig. 1 06.1 . Stejskal-Tanner pulse sequence, in which G is the 
diffusion gradient strength, A the distance between diffusion 
gradients, and 6 the duration of the diffusion gradient. The 
diffusion sensitivity (gradient moment or b value) of this se- 
quence increases when (1 ) the gradient strength (G) increases, 
(2) the duration of the gradient (6) is longer), and (3) the time 
between the opposed gradients (A) is longer. These relations 
are brought together in the following equation: b = y 2 G 2 6 2 
(A-6/3), in which y is the gyromagnetic ratio 



describe the effective averaged diffusion per voxel. 
The diffusion coefficient in free water at 25 °C is about 
25 x 10" 3 mm 2 /s. In brain tissue ADC values are in the 
order of 0.70-0.90 x 10~ 3 mm 2 /s. In acute lesions, such 
as in acute ischemia, the ADC values decrease by 
about 50% to reach values of 0.40-0.60 x 10~ 3 mm 2 /s. 
In chronic ischemic lesions, with liquefaction and 
necrosis, these values may go up to 1.80-2.40 x 
10~ 3 mm 2 /s. 

In routine DWI, diffusion gradients are applied in 
three orthogonal directions. Images can be obtained 
on the basis of the results of each gradient separately, 
in respectively the slice (s), read (r), and phase (p) 
direction (Fig. 106.2). Where fiber tracts are parallel 
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Fig. 106.2. Diffusion-weighted images in a patient with a 
right-sided homonymous hemianopia, made with three differ- 
ent diffusion gradients in x (read),y (phase), and z (slice) direc- 
tions, showing anisotropy dependent on the direction of the 



diffusion gradient. Tracts perpendicular to the gradient show 
high signal intensity, tracts parallel to the gradient show lower 
signal intensity. Note that the small lesion in the left occipital 
pole demonstrates restricted diffusion in all three directions 
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Fig. 106.3. The images on the left are 
made with a single diffusion gradient. 
In the left upper image one sees, in 
addition to the bright spot in the 
thalamus, high signal intensity in fiber 
tracts perpendicular to the gradient 
direction. The lower left image shows 
anisotropy of the splenium of the 
corpus callosum with a gradient in the 
slice direction. The images on the right 
are Trace diffusion-weighted images, 
which average diffusivity of three 
(or more) gradient settings to mini- 
mize the influence of anisotropy in 
the image.The upper right image now 
shows only the lesion in the right 
thalamus.The lower right image does 
not show any areas of restricted 
diffusion 
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with the direction of the applied gradient, signal loss 
due to diffusion will be at its maximum; where fiber 
tracts are perpendicular to the gradient direction, sig- 
nal loss due to diffusion will be at its minimum and 
the signal will remain relatively high. The opposite is 
true for ADC maps: the greater the restriction in dif- 
fusion, the lower the ADC value, and the lower the sig- 
nal intensity of that area. There is an important disad- 
vantage to using images with the application of only 
one diffusion gradient in one direction. Fiber tracts 
perpendicular to the gradient direction have a rela- 
tively high signal, which may obscure hyperintense 
lesions with restricted diffusion in or in the neighbor- 
hood of these structures or simulate a hyperintense 
lesion. This pitfall can be omitted by averaging the 
ADC values of the measurements with (at least) three 
diffusion gradient directions (Fig. 106.3). 

Diffusion is a process in time. That means that the 
MR sequence has to cover a minimum time slot to ob- 
serve the diffusion process. Therefore, a relatively 
long echo time has to be applied, resulting in a T 2 - 
weighted EPI sequence. This leads to a high signal in- 
tensity of structures with a long T 2 . This high signal 
area may retain its brightness on diffusion-weighted 
images, simulating restricted diffusion. This phe- 
nomenon is referred to as "T 2 shine-through" effect. 
ADC maps do not share this problem. It is therefore 



extremely important for the demonstration of re- 
stricted diffusion to look at the ADC values and veri- 
fy the presence of a decreased ADC (Fig. 106.4). 

Diffusion can be viewed as the product of the de- 
grees of freedom of movement of water in three di- 
mensions (x,y, and z). With equal movement oppor- 
tunity in all directions (isotropy), the product is a 
rounded sphere and the diffusion vectors are equally 
long. Where diffusion is anisotropic, the product is an 
ellipsoid, the vectors unequal in different directions. 
The main vector, its size and direction can be estimat- 
ed. With gradients applied in three directions, the D 
value can be estimated voxel by voxel by averaging the 
D values obtained in three (or more) different gradi- 
ent directions: D = (Dxx + Dyy + Dzz) 1 3. This aver- 
aging procedure will also cancel anisotropy in the 
image. The resulting image is called a Trace image 
(Figs. 106.3 and 106.5). 

Diffusion Tensor Imaging In isotropic substances, 
diffusion can be described by a single parameter, the 
diffusion coefficient, or rather, the apparent diffusion 
coefficient, ADC. The attenuation of the MR signal 
depends on D and the b value, characterizing the gra- 
dient pulse: 

A = exp(-bD) 
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Fig. 106.4. The next series shows the application of DWI techniques in a clinical 
situation, the effect of different b values of the diffusion gradients and the added 
value of ADC maps.The upper row represents the conventional T 2 -weighted image 
and ^-weighted images without and with contrast. The lesion in the right middle 
cerebral artery territory is visible. The middle row shows Trace diffusion-weighted 
images with different b value settings; from left to right: b = 50 s/mm 2 , 500 s/mm 2 , 
1 000 s/mm 2 . With higher b values more and more structural information gets lost 
in the image, whereas the information about the abnormal area increases. The 
Trace diffusion-weighted images must be checked against the corresponding ADC 
maps {lower row). The combination of high signal intensity on Trace diffusion- 
weighted images and low ADC values (<50%) argues for the presence of cytotoxic 
edema or other causes of restricted diffusion 




Fig. 106.5. The image on the left 
was obtained with a single gradient 
in the slice direction. In the Trace 
diffusion-weighted image on the 
right the effect of anisotropy in 
the splenium of the corpus callosum, 
as seen on the left, has disappeared 
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Fig. 106.6. Diffusion tensor (matrix). In isotropic conditions 
Dxx, Dyy, and Dzz suffice to determine the diffusion vectors. In 
anisotropic conditions Dxy, Dxz, and Dyz are also important to 
define the strength and directions of vectors in a voxel 



in which A is attenuation, b is diffusion sensitivity, 
and D is the diffusion coefficient. With anisotropy 
present, a single parameter is no longer sufficient. 
With the mathematical description of the diffusion 
tensor, effects can be fully extracted, characterized, 
and exploited. The tensor D eff is necessary to describe 
the molecular movements in each possible direction. 
In this model isotropic diffusion can be depicted as a 
rounded sphere, anisotropic diffusion as an ellipsoid 
tilted in the direction of the main orientation of the 
diffusion (Fig. 106.6). 

The anisotropic diffusion process in each voxel can 
be characterized by D eff , consisting of a 3 x 3 tensor 
matrix consisting of nine combinations, of which 
three are similar and six are independent. By sam- 
pling signal attenuation after applying diffusion-sen- 
sitizing gradients in at least six different noncollinear 
directions, these six (or more) elements can be deter- 
mined. They represent diffusion along the three main 
coordinate axes of the ellipsoid, thus defining the 
shape of the ellipsoid (Fig. 106.7). 

The data so obtained are rotationally independent: 
the head can be placed in an arbitrary position in the 
main magnet and this will not influence the results. 
The data can be used to calculate either the "diffusiv- 
ity", <D> (the directionally averaged ADC), or the de- 
gree of anisotropy, most often expressed as relative 
anisotropy (RA) y or as fractional anisotropy (FA). In 
2D representations of diffusion tensor imaging (DTI), 
FA is the most frequently used of many possible para- 
meters describing anisotropy. RA is the ratio of vari- 
ance of the eigenvalues to their mean. FA is the ratio 
of the anisotropic component of the diffusion tensor 
over the whole diffusion tensor. FA indicates how 
elongated the ellipsoid is (0 = isotropy, 1 = maximum 
anisotropy, often multiplied by 1000). FA is usually 
displayed as a map in gray shades (higher FA values 
reflecting more pronounced anisotropy show a high- 
er signal intensity on gray scale images, low values 
appear darker) (Fig. 106.8) or in color codes. FA im- 
ages show more contrast between gray and white 
matter than do T r and T 2 -weighted images. The rea- 
son for this difference is still not fully clear, but may 
have to do with the major difference in density of 
axon fibers. In the literature ratios are used to quanti- 
tate FA values, because values are not the same on all 
systems. The ratio is calculated as: 
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Fig. 106.7. Ellipsoid representing the diffusion tensor. The 
ellipsoid is characterized by the maximum diffusion in each 
direction and represents the relationship between the princi- 
pal coordinate axes {x',y', and z 7 ) and the laboratory reference 
frame (x,y,z). The radii {bold black arrows) represent the mag- 
nitude and direction of the diffusion after unit time. The \ y \ 2 , 
and X 3 represent the so-called eigenvalues of diffusivity in all 
directions, shaping the ellipsoid 




Fig. 106.8. A fractional anisotropy (FA) map provides a mea- 
sure of anisotropy of different structures. Differences in FA 
between gray and white matter structures are greater than 
differences in T!,T 2 , or ADC values. In a FA map the distinction 
between gray and white matter structures is superb 
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Fig. 1 06.9. Diffusion tensor imaging 
allows fiber tracking as is demonstrat- 
ed in this image. DTI was done with 
1 2 diffusion gradient directions. Fibers 
were tracked connecting left and right 
hemisphere via the corpus callosum, 
showing the potential of the method. 
The upper image shows a comparable 
anatomical specimen 
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or, somewhat more complex: 



AFA = 



FA patients - (FA controls) 



xl00% 



(FA controls) 
in which equation "(FA controls)" stands for the mean 
value from the regions of interest in volunteers. In 
particular in multicenter studies and trials ratios will 
have to be used to overcome inequalities in equip- 
ment performance. 

A map can also be produced displaying the princi- 
pal vector orientation per voxel. This is most often 
displayed as a color map in which the vectors (small 
arrows) are presented in color codes per direction. 

DTI may be used to create a 3D map by connecting 
adjacent vectors with nearly the same orientation. 
Software programs usually allow the setting of a 
threshold that indicates the degree of accepted 
anisotropy (FA value), and also the setting of an arbi- 
trary angle to decide whether a fiber connection will 
be accepted. The result is fiber tracking: white matter 
tracts can be visualized (Fig. 106.9). DTI cannot dis- 



tinguish afferent from efferent tracts; the spatial res- 
olution within acceptable acquisition times is still 
crude; and crossing fibers may lead to confusing 
results. Nevertheless, the potential of the method is, 
especially in combination with other techniques such 
as functional MRI, impressive. 



106.3 DWI and Pathophysiological 
Backgrounds 

DWI, usually in its simplest form with three diffusion 
gradients, anisotropy images, Trace images, and ADC 
maps, is now widely used in clinical practice. It has 
become a valuable tool in the detection and diagnosis 
of a growing number of neurological disorders. The 
pathophysiological background of the changes in the 
acute phase of diseases and the changes over time 
into subacute and chronic conditions are only partly 
understood. Diffusion is a parameter that is indepen- 
dent of the relaxation properties (T x and T 2 ) of tissue. 
Brain tissue consists of cell structures, with mem- 
branes dividing tissue fluid into extracellular and in- 
tracellular compartments, organelle compartments, 
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Fig. 106.10. DWI and ADC maps, often in combination with 
perfusion imaging, play an important role in stroke units, to 
identify salvageable tissue. This set of images shows such a 
practical application in a 66-year-old stroke patient.The upper 
row of FLAIR images shows lesions in the right middle cerebral 
artery territory. The second row of DWI-Trace images shows 



bright signal in these lesions. The lower row of ADC images 
shows very low ADC values in the lesions, confirming the pres- 
ence of cytotoxic edema.The added value to the FLAIR images 
is the time dependency of the DWI-ADC techniques,allowing 
an estimate of the age of the infarction 



blood compartments consisting of arterioles, venules, 
and capillaries sustaining the microcirculation, and 
fiber tract compartments with myelin and axons, all 
having their impact on the complex process of diffu- 
sion. 



The best understood changes are those in acute 
ischemic lesions (Fig. 106.10). Hypoxemia and is- 
chemia lead to membrane depolarization, changes in 
membrane permeability, changes in ion exchange, 
and influx of water into the cell. Swelling of cells, both 



846 Chapter 106 Diffusion-Weighted Imaging 




Fig. 106.11. The practical use of DWI 
and ADC maps is also demonstrated 
in this 38-year-old female, in whom 
the conventional images suggested 
the diagnosis glioblastoma multi- 
forme. The patient showed no sign 
of infectious disease either clinically or 
biochemically.The upper two images, 
T 2 -weighted andT r weighted with 
contrast, show a multicystic lesion in 
the right frontal lobe, with edema and 
ring enhancement. The Trace images 
and ADC map on the lower row show 
that within the cysts water diffusion is 
severely restricted, indicating a possi- 
ble abscess, which was confirmed 
at surgery 



glia and neurons, lead to compression of the extracel- 
lular space and restriction of movement of extracellu- 
lar water, and probably also to restriction of intracel- 
lular water movements due to changes in organelles. 
This results in a high signal on DWI-Trace images 
and low ADC values. Subsequent lysis and shrinking 
of cells and rarefaction of tissue leads to increase of 
extracellular space and water content, with conse- 
quently a decrease of signal intensity on Trace images 
and increase of ADC values. The time frame for these 
changes in arterial territorial infarctions is in the or- 
der of 2-4 weeks. It should be noted that this time 
frame is different in border zone infarctions, where 
high signal on Trace images and low ADC values per- 
sist for much longer, even months. This is the result of 
a more chronic and persistent perfusion deficit. 

In acute encephalitis and cerebritis, for example, in 
herpes simplex encephalitis, ADC values can be as low 
as in ischemic lesions. In viral infections there is 
swelling of cells and decrease of extracellular space in 
the initial phase, comparable to what happens in is- 
chemia. It remains to be seen whether ADC and FA 
provide a means of estimating prognosis or of esti- 
mating disease activity in subacute lesions or recur- 
rent infection. 



Many other factors may influence the degree of 
freedom of movement of water molecules in brain tis- 
sue. High cellular density and high nucleus/cyto- 
plasm ratio of packed cells in tumors may cause low 
ADC values. In brain abscesses, the restriction of wa- 
ter movement is based upon cellular density, forma- 
tion of septa, and gelatinous or caseous contents of 
the abscess cyst (Fig. 106.11). Epidermoids also show 
restricted diffusion, caused by the gelatinous condi- 
tion of the fluid and the presence of septa. 

In focal epilepsy there is a reduction of 20% of 
ADC values of the tissue involved in the ictal phase, 
while MRA, MR perfusion studies, and SPECT show 
evidence of hyperperfusion in that area. In the inter- 
ictal phase, the ADC values return to normal in days 
to weeks. In addition to swelling of involved neurons, 
the increase in regional blood volume may influence 
the measurements by an increase of magnetically ac- 
tive blood products, for example deoxyhemoglobin. 
Blood present in post-traumatic or postoperative 
cysts may lead to a pseudo-low ADC and in that way 
suggest an abscess. T r weighted images usually will 
solve this problem, when it arises. 

In white matter disorders, inherited or acquired, 
multiple factors resulting in changes in diffusivity 
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have to be considered, such as cellular density and 
swelling in acute inflammation or infection (multiple 
sclerosis, acute disseminating encephalomyelitis, vi- 
ral encephalitis), restriction of water movement in 
acute intramyelinic edema (posterior reversible en- 
cephalopathy syndrome) and vacuolating myelinopa- 
thy in toxic and metabolic conditions (maple syrup 
urine disease, Canavan disease, megalencephalic 
leukoencephalopathy with subcortical cysts, heroin 
intoxication, hexachlorophene intoxication, CO in- 
toxication), and axonal swelling in neurodegenerative 
and traumatic disorders (amyotrophic lateral sclero- 
sis, wallerian degeneration, diffuse axonal injury). 



106.4 Brain Maturation 

and DWI-DTI Changes 

DWI and DTI have the unique capability to show 
changes in anisotropy. Anisotropy is largely due to the 
presence of myelinated fiber tracts. It has been 
shown, however, that changes in anisotropy (FA) oc- 
cur before myelination becomes visible, confirming 
that anisotropy is partly the result of precursors of 
myelin and, probably more importantly, axonal or 
fiber density. The changes in FA in different brain 
areas have been extensively documented. FA shows an 
increase over time, while ADC values drop. Unfortu- 
nately the methods used to establish timetables are 



Table 1 06.1 . ADC values in full-term neonates (adapted from 
Neil etal. 1998) 



Region 


ADC values 
(x10- 3 mm 2 /s) 


White matter centrum semiovale 


1.30-1.60 


Head of caudate nucleus 


1.18-1.31 


Insular gray matter 


1.12-1.24 


Lentiform nucleus 


1.15-1.22 


Thalamus 


1.01-1.15 


Anterior limb internal capsule 


1.14-1.24 


Posterior limb internal capsule 


1.03-1.09 


Cerebellar hemisphere 


1.07-1.14 



not quite comparable. Measures such as "apparent" 
anisotropy are less well defined than FA and RA and 
less reproducible. ADC values may also differ accord- 
ing to the machine and pulse sequences used, for ex- 
ample due to the b value setting and the number of 
applied diffusion gradients. Roughly, the ADC values 
are high in neonates, different in different anatomic 
regions, varying from 1.05 to 1.64 x 10~ 3 mm 2 /s. At the 
age of about 10 months this range is in the order of 
0.75 to 0.92 x 10 _3 mm 2 /s, close to values seen in 
young adults (Table 106.1). 

A difficulty with reporting on quantitative diffu- 
sion data in neonates and children is that few of the 
data are obtained by methods that fully account for 
the effects of diffusion anisotropy. ADC values are of- 
ten obtained by measurements in one direction only. 
When anisotropy is present, these estimations are not 
accurate. Even when measurements are made in three 
orthogonal directions, it is not possible to accurately 
and quantitatively determine anisotropy. The full dif- 
fusion tensor must be sampled in at least six different 
directions. Another concern is partial volume averag- 
ing in structures close to CSF spaces, because this will 
artificially increase the measured ADC values. Nu- 
merical data available at this moment should be 
applied with great care in clinical situations. 

The development of anisotropy is reflected in the 
FA values in Table 106.2. 



106.5 Hypoxic-Ischemic Conditions 
in Neonates 

DWI and DTI have a great impact on the diagnosis 
of post-hypoxic-ischemic changes in neonates. On 
conventional MR sequences patterns of hypoxic-is- 
chemic encephalopathy in preterm and term neo- 
nates are often difficult to visualize in the immediate 
postnatal period. This is due to the only partly myeli- 
nated state of the neonate's brain, with a high signal 
on T 2 -weighted images of the unmyelinated parts, 
obscuring the lesion. DWI often reveals the abnormal 
areas with high sensitivity. In particular the extent 
of lesions in early periventricular leukomalacia, in 
the cortico-subcortical pattern, and in basal ganglia 



Table 1 06.2. Regional FA values at different ages (adapted from Schneider et 


al.2004) 






2 Months 


12 Months 


24 Months 


144 Months 


Genu corpus callosum 


0.41 


0.52 


0.63 


0.72 


Splenium corpus callosum 


0.45 


0.61 


0.68 


0.76 


Frontal white matter 


0.16 


0.29 


0.34 


0.39 


Centrum semiovale 


0.28 


0.38 


0.42 


0.53 


Posterior internal capsule 


0.52 


0.63 


0.68 


0.76 
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Fig. 106.12. Images of a term-born neonate with acute pro- 
found hypoxia-ischemia. The upper row of conventional T 2 - 
weighted images show generalized edema, including swollen 
and abnormal basal ganglia. The lower two rows of DWI-Trace 



images demonstrate the typical cortico-subcortical pattern, 
allowing an early diagnosis with a poor prognosis. It may take 
much longer before this pattern emerges on conventional im- 
ages 



lesions can be visualized within hours after the insult 
(Fig. 106.12). When interpreted with care, DWI and 
DTI data are extremely helpful. 

As an example, the values in periventricular leuko- 
malacia are instructive, because they seem to allow 
early confirmation of the presence of the lesions 
(Table 106.3). 



Table 1 06.3. ADC values in early periventricular leukomalacia 
(x 1 0" 3 mm 2 /s) (adapted from Bozzao et al. 2003) 



Region 


Non-PVL 


PVL 


■ 


Posterior limb internal capsule 


1.06 


0.96 




Corona radiata 


1.23 


0.97 




Frontal white matter 


1.35 


1.19 




Parietal white matter 


1.52 


1.15 





PLV, periventricular leukomalacia 
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DWI and DTI have been applied extensively in multi- 
ple sclerosis. In most studies estimation of FA and 
ADC has been used to compare different forms of 
multiple sclerosis and different tissue components, 
such as plaques, white matter around plaques, nor- 
mal-appearing white matter, and enhancing versus 
nonenhancing lesions. Some of the results are sum- 
marized in Table 106.4. 

From Table 106.4 it is clear that the discriminating 
power of FA is considerably greater than that of ADC. 
As expected, an increase in ADC is linked to a de- 
crease of FA. 

The findings in normal- appearing white matter of 
a high ADC and low FA correspond with findings in 
MTR and MRS studies. DWI and MTR findings corre- 
late better with the disability scores of multiple scle- 
rosis patients than do conventional MR estimates and 
even lesion load estimations. In primary progressive 
multiple sclerosis conventional MR abnormalities are 
minimal. DTI reveals abnormal values of FA and ADC 
in the corpus callosum and internal capsule of these 
patients. Hypointense lesions on T r weighted images, 
known as black holes and indicating a poor progno- 
sis, have the lowest diffusivity of all multiple sclerosis 
lesions. Ti isointense lesions have the highest FA of all 
lesions studied and apparently have maintained tis- 
sue integrity. 

Normal-appearing gray matter in multiple sclero- 
sis has also been the subject of a number of studies. In 
histogram analysis of diffusivity of gray matter in pa- 
tients with primary progressive multiple sclerosis, 
patients with secondary progressive multiple sclero- 
sis, and controls, statistically significant differences 
were found. The ADC and FA values in normal-ap- 
pearing gray matter are respectively higher and lower 
than in controls, although the differences are less pro- 
nounced than in white matter. The differences be- 
tween patients with primary progressive multiple 
sclerosis and controls were clearly less than between 
secondary progressive multiple sclerosis patients and 
controls, but still significant. 

DWI and DTI have a place in research on patients 
with inherited leukoencephalopathies, but have also 
obtained a place in the clinical work-up of this cate- 



Table 106.4. FA and ADC in 
(from Guoetal. 2002) 


different i 


multiple sclerosis lesions 


Lesions 




ADC 

(x10- 3 mm 2 /s) 


Plaque 


0.280 


1.03 


Periplaque white matter 


0.383 


0.79 


Normal-appearing 
white matter 


0.493 


0.74 


Control white matter 


0.537 


0.73 



gory of patients. Some findings of DWI and DTI have 
direct implications for the management of patients. 
An important example is found in X-linked adreno- 
leuko dystrophy. DTI can play a role in the detection of 
early abnormalities in patients, not yet seen on con- 
ventional images. Early changes are important in esti- 
mating when to offer the patient hematopoietic stem 
cell transplantation. DWI and DTI should be com- 
pared in this respect with MRS and magnetization 
transfer imaging. 

In progressive inherited disorders the time factor 
plays an important role. In early metachromatic 
leukodystrophy ADC values are low and DWI shows a 
high signal. This effect is not completely understood, 
but is thought to be related to the accumulation of 
abnormal metabolites (sulfatides). In later phases of 
the disease, ADC increases and FA decreases as sign of 
disintegration of affected structures. Similar findings 
are reported in globoid cell leukodystrophy. 

The type of underlying pathology is important. In 
maple syrup urine disease with neonatal onset, 
myelin vacuolation occurs in all myelinated parts 
of the brain in the newborn. These parts show low 
ADC values with about 80% decrease, and very high 
signal intensity on DWI (Fig. 106.13). In other disor- 
ders, such as nonketotic hyperglycinemia, Kearns- 
Sayre syndrome, Canavan disease, L-2-hydroxyglutar- 
ic aciduria, and heroin encephalopathy, intramyelinic 
edema is also present and supposed to be the cause of 
restricted water movement and low ADC values in the 
early phase of the disease. In chronic myelin vacuola- 
tion, as seen in megalencephalic leukoencephalo- 
pathy with subcortical cysts and the end stages of 
Canavan disease, no evidence of restriction of water 
diffusion is found, but increased diffusion is found 
(Fig. 106.14). 

Among the white matter disorders in children, hy- 
pomyelination is a frequent finding. It is striking that 
whereas the signal intensity of cerebral white matter 
is high on T 2 -weighted images in both hypomyelina- 
tion and demyelination, diffusion anisotropy can 
distinguish the two. Whereas diffusion anisotropy 
decreases in diseases characterized by myelin loss, 
marked diffusion anisotropy remains present in hy- 
pomyelinating conditions. This is an argument sug- 
gesting that it is not just myelination of fiber tracts 
that is responsible for the anisotropy, but rather that 
the tracts themselves are responsible (Fig. 106.15). 

The combination of the nature of white matter 
changes and the changes over time in the lesion dic- 
tates the findings on DWI and DTI, usually expressed 
as ADC and FA values. This largely explains the con- 
troversies in reports on ADC and FA findings in sev- 
eral disorders, in particular posterior reversible en- 
cephalopathy syndrome and some inborn errors of 
metabolism. An example is found in the reports in the 
literature on ADC values in mitochondrial en- 
cephalopathy with lactate acidosis and stroke-like 
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Fig. 106.13. 
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Fig. 106.14. Images of an infant with Canavan disease at the 
ages of 4 months {upper row) and 12 months {lower row). Ini- 
tially the ADC values in the affected white matter areas are low. 
In the following months they become much higher than the 
values of normal tissue. Canavan disease is characterized by a 



vacuolating myelinopathy, as is maple syrup urine disease, ini- 
tially with compression of the extracellular space and restrict- 
ed diffusion. The increase in ADC values probably indicates 
that the tissue disintegrates and becomes rarefied over time 



episodes (MELAS). Both low and high ADC values 
have been found in fresh lesions (Fig. 106.16). This 
could depend on the delay between the insult and the 
measurement. It could also mean that MELAS pro- 
duces two different types of lesions, of which the 



Fig. 106.13. A neonate with maple syrup urine disease. The 
pathological substrate is a vacuolating myelinopathy, which 
only affects myelinated areas. On theT 2 -weighted images {first 
and second rows) the myelinated parts of the brain show 
swelling and higher signal intensity than the surrounding un- 
myelinated structures. The differentiation of abnormal from 
normal tissue can be optimized by Trace diffusion-weighted 
imaging {third and fourth rows). Note that the optic tract and 
chiasm are also myelinated at this stage 



infarctions have low ADC values and follow the time 
course and structural changes seen in common in- 
farctions of vascular origin, whereas the "other" le- 
sions with high ADC values shortly after the insult 
represent another type of pathology, yet to be eluci- 
dated. 

In ischemic white matter lesions, for example sub- 
cortical arteriosclerotic encephalopathy, loss of struc- 
tural integrity is expressed by a relatively high ADC 
(1.12 ± 15 x 10" 3 mm 2 /s) and moderately low FA val- 
ues (0.480-0.530). Figures in the same order have 
been obtained in patients with CADASIL. In these 
vascular disorders there is a strong correlation be- 
tween the measure of loss of integrity and results of 
cognitive tests. 
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Fig. 106.15. 
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Fig. 1 06.1 6. A 1 2-year-old boy with MELAS develops a stroke- temporal infarction and a low ADC in the occipital infarction, 
like episode, initially with dysphasia, followed by hemianopia. suggesting the influence of time on the ADC 
The ADC map is most informative, showing a high ADC in the 



Fig. 106.15. A series of T 2 - {first row) and T r weighted {second 
row) images of a 6-year-old boy with Pelizaeus-Merzbacher 
disease, showing severe hypomyelination. Unlike what one 
would expect, Trace diffusion-weighted images (b value 1000, 
third row) do not add much information and the ADC values 
{fourth row) are close to normal: ADC of frontal white matter is 
0.76-0.84, that of the basal ganglia 0.54-0.84, and that of the 
cortex 0.84-0.89 x 1 0 3 mm 2 /s 



Chapter 107 

Magnetization Transfer Imaging 



107.1 Techniques 

Conventional MRI depends on the contribution to the 
MR signal of the freely mobile protons of water mol- 
ecules because of their great abundance and slow re- 
laxation, leading to a high and sharp resonance with a 
bandwidth of approximately 20 Hz. Protons bound to 
macromolecules form a second pool and do not di- 
rectly contribute to the MR signal because of their rel- 
atively low concentration and rapid relaxation, result- 
ing in a low resonance with much broader bandwidth 
of several thousand hertz. The broad peak of these 
frequencies is symmetrically arranged around the 
resonance of mobile protons. Indirectly these bound 
water molecules can influence the MR signal because 
there is a physico chemical exchange and cross-relax- 
ation between the two pools of protons. Dipole-di- 
pole coupling results in an exchange of magnetiza- 
tion, called magnetization transfer, where each pool 
has influence on the relaxation rate of the other. Wolff 
and Balaban (1989) demonstrated in vitro and vivo 
that it is possible to selectively excite the bound pool 
of protons by using a radiofrequency (RF) pulse that 
is off-resonance for the free water protons. The exci- 
tation of the macromolecular bound protons leads to 
transfer of magnetization to the mobile water protons 
in the magnetization transfer (MT) process. This re- 
sults in decrease of the MR signal after on-resonance 
excitation. 

The rates of MT between macromolecular bound 
protons and mobile water protons differ between tis- 
sues, resulting in different degrees of signal decrease 
for different tissues, generating a new form of MR 
contrast. The rate of MT is dependent on a number of 
factors: the relative proportion of the two pools of 
protons; the magnetic field strength; the power of the 
preirradiation with an off-resonance RF prepulse; 
and the imaging parameters. The contrast on T r 
weighted images is normally already partially deter- 
mined by magnetization transfer, so the more T r 
weighted the image, the smaller the extra MT effect. 
The highest MT effect is obtained when an MT pre- 
pulse is applied to a proton density spin echo or gra- 
dient echo sequence. The initially used continuous ir- 
radiation with an off-resonance frequency, adminis- 
tered with a separate RF unit, is currently replaced by 
a sine- shaped pulse wave of short duration, applied 
between each on-resonance excitation using the main 
RF transmitter. In conventional multislice MRI a 



weak MT effect is always present, because each slice- 
selective pulse will serve as an off-resonance pulse for 
the adjacent slices. This effect is stronger when fast 
MR sequences are used with a high number of refo- 
cusing pulses. 

Myelin forms a major part of the white matter. It is 
a lipid bilayer, in which proteins are embedded. The 
major lipids in myelin are cholesterol and glyc- 
erophospholipids. The lipid bilayer is wrapped in the 
form of large lamellae around the axons, with a small 
quantity of extracellular fluid between the layers. This 
creates a huge surface for interaction between the 
bound and free water molecules, which facilitates MT. 
Compartmentalization of the extracellular fluid fur- 
ther contributes to the MT effect. The MT effect of the 
myelin bilipid-water interface is responsible for the 
bright appearance of myelin on T r weighted images. 
Both cholesterol and cerebrosides are particularly 
important in determining the myelin bilipid-water 
interface interactions, which facilitate T x relaxation 
due to MT. The signal loss of normal white matter due 
to MT effects ranges from 30% to 50%. It depends on 
the RF power applied and scan parameters. Gray mat- 
ter shows a somewhat smaller MT effect than white 
matter. CSF, containing practically no macromole- 
cules, shows a 0-2 % signal reduction due to MT. 

Magnetization transfer imaging (MTI) is used for 
two reasons. First, MT effects lead to a general signal 
reduction of the MR image, often referred to as back- 
ground suppression. The diminution of signal inten- 
sity of brain tissue can be applied to increase the con- 
trast between nonenhancing and enhancing tissue in 
studies with contrast injection. Background suppres- 
sion with MT is also used in MR angiography. 
Secondly, MTI can be used as a separate imaging 
technique to characterize lesions. In tissue character- 
ization, the magnetization transfer ratio (MTR) is 
commonly used. The formula is simple: MTR = 
[(M 0 -M s ) /M 0 ] X 100%, in which M 0 is the signal 
intensity obtained without the MT prepulse, M s or 
M sat the signal intensity with the prepulse applied. 
The stronger the MT effect, the higher the MTR. MTR 
is lower when there is less effect of the macromolecu- 
lar proton pool. Thus, MTR is a measure of the degree 
of the structural integrity of brain tissue. 

MT can be applied in different ways. MTR mea- 
surements can be displayed as a MTR map in which 
each voxel value represents the percentage of signal 
loss caused by MT (Fig. 107.1). The MTR map allows 
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Fig. 107.1. The upper row shows a 
T 2 -weighted image without MT pulse 
and aTVweighted image in a patient 
with multiple sclerosis. The second row 
shows on the left side the T 2 -weighted 
image with MT pulse. From the images 
without and with MT pulse, the MTR 
map can be calculated, which is 
displayed on the right. From this 
map MTR values (percentage) can be 
obtained per voxel or per ROI 




voxel-by-voxel measurement or estimation of the 
average MTR for a specific region of interest. Another 
approach of MTR data that has attracted much atten- 
tion is the creation of MTR histograms, either of the 
whole brain parenchyma or of segmented areas, such 
as the basal ganglia or the frontal lobe. White and gray 
matter can also be separated. In a number of postpro- 
cessing steps the intracranial contents are separated 
from the skull and orbital contents by a semiautomat- 
ed software program. In the next step MTRs for every 
intracranial voxel are calculated. Implementation of a 
threshold value of 10-20 % separates the CSF from the 
brain parenchyma. Voxels with a value higher than 
the 10-20% threshold are defined as brain parenchy- 
ma. The frequency distribution of MTR values can 
now be displayed as an MTR histogram of the whole 
brain (Fig. 107.2). The peak height is defined by the 
highest number of voxels with a certain MTR value. 
This measure is influenced by changes in brain tissue 
related to demyelination, gliosis, and axonal loss, but 
also by atrophy. The peak value, therefore, has to be 
normalized by dividing the peak height by the total 
number of segmented voxels. The relative peak height 
thus obtained is a measure of the amount of remain- 
ing brain tissue, independent of brain size and atro- 



phy. A measure of atrophy can be obtained by divid- 
ing the number of voxels representing CSF by the 
total number of segmented voxels. 

A drawback of both 2D and 3D MT is that MT val- 
ues vary considerably between scanners, even with 
similar implementations. This is especially important 
in multicenter trials, and in follow-up studies when a 
different scanner is used for the same patient. 



107.2 Normal Age-Dependent Changes 

Important changes in MT have been reported related 
to brain maturation. With increasing density and 
complexity of brain tissue, MT changes, mainly ex- 
pressed as an increase in MTRs. The changes in the 
MT of white matter run parallel with the progress of 
myelination. Fiber density or axonal density, however, 
plays an important role as well. Generally speaking, 
with increasing age of the infant, there is an increase 
in MT effect and a higher MTR. This effect is greater 
in white matter than in gray matter structures. In the 
neonatal brain MTR values are fairly homogeneously 
distributed, related to the fact that at that time there is 
little structural difference between gray and white 
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Fig. 1 07.2. Normalized MTR, ADC and FA histograms from the 
brain parenchyma of a 38-year-old healthy person that were 
obtained after removal of cerebrospinal fluid and extracere- 
bral tissue pixels. Normalized MTR histograms have proven to 
be very useful in follow-up studies in many disease conditions. 
It remains to be seen whether combining histogram analysis 
of ADC and FA values with MTR histograms will yield valuable 
information. From Rovaris et al. (2003), with permission 



matter. MTR values in the unmyelinated neonatal 
white matter are in the order of 13-19%, followed by 
a two- to threefold rise to 34-38% with myelination. 
Local differences in fiber density and myelin density 
lead to increasing regional variation in MTR. The 
highest MTR values after myelination are found in the 
corpus callosum and posterior limb of the internal 
capsule, the lowest values in the frontal and occipital 
white matter; this is probably related to fiber density. 
Overall the most rapid changes in MTR in white mat- 
ter occur during the first year of life. The changes in 
MTR of gray matter are less conspicuous and level off 
at the age of 10 months. The peak height of the MTR 
histogram, however, continues to change over a 
longer period of time, up to the age of approximately 
4 years. 



1 07.3 Magnetization Transfer 
in Disease States 

MT prepulses, MTI, and MTR can be used for a num- 
ber of clinical applications. First of all, background 
reduction, as produced by MT prepulses, can be used 



to improve the results of MR angiography, where the 
interest lies in the depiction of arteries and veins and 
less in the visualization of background structures. For 
this reason, MT prepulses are a standard part of many 
MR angiography pulse sequences. Background re- 
duction can also be applied to improve the effect of 
contrast enhancement. This can be used to reduce the 
contrast dose or to have more contrast effect with the 
same dose, for instance in the search for the number 
of enhancing multiple sclerosis (MS) lesions or mul- 
tiplicity of metastases. 

The second application is based upon the possibil- 
ity offered by MT to give a quantitative impression of 
the structural integrity of brain tissue. In order to as- 
sess the local structural integrity two types of MT 
postprocessing are currently in use: a 2D estimation 
of the MT effect, preferably as a MTR map, or mea- 
surement of the MT effect in regions of interest. By 
using whole brain histograms, the lesion load of the 
entire brain can be assessed. These techniques are ap- 
plied to disorders characterized by focal or diffuse 
disintegration of cerebral tissue. They can be used to 
quantitatively assess the degree of tissue damage in 
areas that are also abnormal on conventional MR 



1 07.3 Magnetization Transfer in Disease States 857 

Table 107.1. MTR and axonal density in normal appearing white matter and multiple sclerosis lesions versus degree of 
T r hypointensity 



Degree of TVhypointensity 


MTR (range) 


% axonal density (range) 


normal appearing white matter (n=24) 


0.32 (0.26-0.36) 


90(60-100) 


isointense(n=18) 


0.24(0.21-0.33) 


80(20-100) 


mildly hypointense (n=38) 


0.24(0.16-0.31) 


50(10-100) 


severely hypointense (n=53) 


0.15(0.10-0.28) 


30 (0-70) 



images, but they are also used to assess structures 
that are normal-appearing on conventional images. 
Changes in MT effect may occur in regions where 
conventional MR techniques do not show abnormali- 
ties, for instance in normal-appearing white and gray 
matter in MS, wallerian degeneration, amyotrophic 
lateral sclerosis, systemic lupus erythematosus, 
AIDS-related dementia, Alzheimer disease, X-linked 
adrenoleukodystrophy, and in many other disorders. 
In all these disorders, lower MTR values in normal- 
appearing structures signify a diminution of struc- 
tural integrity and the presence of a disease state. 

MT has been applied most extensively in MS, 
adding to our understanding of the disease. First of 
all, lesions visible on conventional images can be 
studied. MTR values for lesions visible on T 2 -weight- 
ed MR images are significantly lower than for nor- 
mal-appearing white matter, although with a wide 
range of MTR values. Average MTR for MS lesions 
was found to be 26.3%, with a lower mean value in 
chronic progressive (23.3%) than in relapsing-remit- 
ting MS (27.6%) (Filippi 1999). Follow-up studies 
show a further reduction of MTR values over time, 
more pronounced in patients with secondary pro- 
gressive MS than in those with relapsing-remitting 
MS. Decreased MTR values were also found in nor- 
mal-appearing white matter in the neighborhood of 
focal T 2 lesions. Using threshold techniques, lesion 
segmentation can be obtained and the MTR lesion 
load can be estimated. MTR histogram analysis re- 
veals that there is a loss of high MTR values and a gain 
of voxels with low MTR values in MS patients as com- 
pared to normal persons. The increase in voxels with 
a low MTR value, however, makes up for only a low 
percentage (in the order of 15%) of the total decrease 
in voxels with a high MTR value, suggesting that a 
higher percentage of "lost" voxels can be attributed to 
white matter atrophy. 

MT has been one of the techniques confirming that 
normal-appearing white matter in MS is not normal. 
With MT, subtle but consistent abnormalities have 
been found, more pronounced with increasing dis- 
ability and in progressive MS. MT has also been used 
to study gray matter involvement. MTR of gray mat- 
ter is significantly lower in patients with relapsing-re- 
mitting MS than in controls, confirming that MS is a 
diffuse disease affecting the whole brain. 



Table 107.2. MTR in different zones of cerebral X-linked 
adrenoleukodystrophy 



Tissue 



Unaffected white matter 

Zone of inflammation and partial myelin loss 

Zone of severe myelin loss and gliosis 

(Melhemetal.1996) 



MTR (%) 

46 
35 
20 



A correlative MTR-histopathology study in multi- 
ple sclerosis has shown that myelin is not the only fac- 
tor involved in the MT effect. A significant correlation 
could be demonstrated between MTR and axonal loss 
(Van Waesberghe et al. 1999), indicating that the MTR 
reflects not only myelin density but also axonal den- 
sity. 

Table 107.1 shows the relationship between axonal 
density and MTR. It also demonstrates the relation- 
ship between hypointensity of MS lesions on T r 
weighted images, MTR, and axonal density (Van 
Waesberghe etal. 1999). 

MTR has been applied to compare MS clinical sub- 
types (relapsing-remitting MS, secondary progressive 
MS, and primary progressive MS) and to correlate the 
data with disability scores. While the MTR of white 
matter is not significantly different for the different 
MS subtypes, MTR histogram analysis reveals a sig- 
nificant distinction between relapsing-remitting and 
progressive MS and between primary and secondary 
progressive MS. Findings in primary progressive MS 
are interesting. Primary progressive MS shows few le- 
sions on conventional MR. MTR histograms show a 
lower peak height in primary progressive MS than in 
all the other MS subgroups, with an about normal av- 
erage brain MTR and normal peak position, suggest- 
ing that there is a markedly reduced amount of nor- 
mal brain tissue (Filippi 1999). The correlation be- 
tween MTR results and disability is better than the 
correlation between estimations of lesion load and 
disability. Cognition tests showed correlations with 
MT parameters of brain atrophy and remaining nor- 
mal brain tissue (Kalkers et al. 2001). Correlation be- 
tween gray matter involvement and EDSS is seen as 
an indication that estimation of gray matter abnor- 
mality may be useful in assessing clinical disability. 
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MTR can be used in monitoring of the disease in 
MS. In view of all the therapeutic trials going on in 
this disease, objective and quantitative parameters 
are essential to monitoring the disease course and the 
efficacy of the treatments applied. For instance, MTR 
has been used to estimate the effect of interferon be- 
ta-la (Kita et al. 2000) and interferon beta- lb (Richert 
et al. 1998) in MS patients. In these studies MTR was 
found to be comparable with the more common esti- 
mation of the number of new enhancing lesions over 
time. 

Another important application of MT is in X- 
linked adrenoleukodystrophy. Monitoring of the onset 
of cerebral demyelination is extremely important in 
young boys. As soon as the first significant signs of 
progressive cerebral demyelination are found, hemato- 
poietic stem cell transplantation is performed in an 
attempt to halt the disease. Because of the significant 



morbidity and mortality of the procedure, and the 
fact that one cannot predict which boy carrying the 
biochemical and genetic defect will develop the dev- 
astating cerebral demyelinating disease and which 
boy will develop adrenomyeloneuropathy, the later- 
onset and milder form of the disease, hematopoietic 
stem cell transplantation cannot be performed at an 
early age as a preventive measure. Careful monitoring 
at regular intervals is presently the best solution. Con- 
ventional MRI is important but it has been shown 
repeatedly that proton MRS, diffusion tensor imag- 
ing, and MT are more sensitive and are able to 
demonstrate the onset of the disease and quantify 
disease progression where conventional MRI does 
not (yet) show changes. It has been shown in X-linked 
adrenoleukodystrophy that MTRs correlate closely 
with the degree of loss of tissue integrity (Melhem et 
al. 1996). 
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Magnetic Resonance Spectroscopy: Basic Principles 
and Application in White Matter Disorders 



M.S. van der Knaap, P.J.W. Pouwels 



108.1 Basic Principles 

Pauli was the first, in 1924, to suggest that electrons 
spin at high speed. Because the spinning electrons 
have mass, they have a certain angular moment and, 
thus, as spinning electric charges, a magnetic mo- 
ment. Later, it was observed that certain nuclei also 
have magnetic moments. What these nuclei have in 
common is the fact that they are isotopes with an odd 
atomic mass and/or odd atomic number, whereas 
nuclei with both an even atomic number and an even 
atomic mass do not have a magnetic moment. Subse- 
quently it was noted that when these nuclei are placed 
in a powerful magnetic field, they show a precession- 
al motion about the axis of the field. In 1946 Bloch 
and Purcell simultaneously discovered the possibility 
of resonant energy absorption and emission of pre- 
cessing nuclei, the basis of magnetic resonance imag- 
ing (MRI) and spectroscopy (MRS). For this work 
they were awarded the Nobel Prize in 1952. MRS has 
developed into a very important tool in molecular 
chemistry and physics to reveal molecular structure, 
chemical reaction rates, and diffusion processes. The 
first spectroscopy experiments on living systems were 
performed on small-bore systems with tiny objects, 
such as red blood cells and excised tissue. Wider 
bores have since been developed, allowing the study 
of muscle disorders and experimental work with 
small animals. Subsequently, in vivo MRS of human 
brain and other organs has also become possible. 

Atomic nuclei are composed of protons and neu- 
trons. These nuclear particles exhibit spin. A proton is 
positively charged, and this spinning charge gener- 
ates a small magnetic field. Although a neutron is 
electrically neutral, its component electrical charges 
are not uniformly distributed within its volume, and 
thus the neutron also generates a magnetic field when 
spinning, but smaller than that produced by a spin- 
ning proton. The magnetic moments of these parti- 
cles are directed randomly, and they cancel each oth- 
er out in nuclei with an even number of protons and 
neurons. When the nucleus has an odd number of 
neutrons and/or protons, the nucleus has a net spin, 
and this spinning charge has a magnetic moment. 
These nuclei exhibit the magnetic resonance phe- 
nomenon. Nuclei of interest for in vivo spectroscopy 
are 1 H, 31 P, 23 Na, and also 13 C, 15 N, 17 0, and 19 F as mark- 
ers of biochemically interesting compounds. If there 
is no external magnetic field, the nuclear magnetic 



moments have a random direction and there is no net 
magnetic vector. The intrinsic magnetic phenomena 
can be detected by applying an external magnetic 
field. The nuclear magnetic moments tend to align 
themselves parallel or antiparallel to the external 
magnetic field. On the other hand, however, nuclei 
tend to be in constant random motion due to thermal 
effects. The percentage of nuclei that align with the 
external magnetic field depends on the strength of 
the magnetic field relative to the random thermal 
effects. Slightly more nuclei align with the external 
magnetic field than against it, because the first posi- 
tion is more stable than the second. Stability is relat- 
ed to the amount of energy that a nucleus possesses. 
Stability is greater at low energy levels. In fact, there is 
a continuous transition of nuclei between high- and 
low-energy positions, but there is a slight net surplus 
in the low energy position (1:10 5 at 1.5 T). 

A spinning nucleus precesses about the axis of the 
magnetic field. This motion is called Larmor preces- 
sion, and its frequency the Larmor frequency. The 
Larmor frequency (go) depends on the magnetic field 
strength H 0 and characteristics of the particular nu- 
cleus, as expressed in the gyromagnetic ratio y. This 
dependency is represented in the Larmor equation 
oo = y H 0 . Resonance is a property of physical systems 
to oscillate at a preferred frequency which is charac- 
teristic of the system. The characteristic frequency is 
referred to as the resonance frequency. The most effi- 
cient energy transfer to atomic particles precessing in 
magnetic fields occurs in their resonance frequency, 
the Larmor frequency. For magnetic field strengths 
used in MRS these resonance frequencies are within 
the radiofrequency (RF) band of the electromagnetic 
spectrum. A short burst of RF energy is known as an 
RF pulse. When an RF pulse is administered, this en- 
ergy is absorbed, and more nuclei move into the high- 
energy position. When the RF pulse is terminated, the 
nuclei return to equilibrium and energy is released 
at the same frequency. The RF signal emitted can be 
detected. 

The basis of MRS is the chemical shift phenome- 
non. The atomic nucleus is surrounded by an electron 
cloud and other atomic nuclei. If an external magnet- 
ic field is applied, precession is also induced in this 
electron cloud, resulting in a small magnetic field. 
This small magnetic field has an influence on the 
atomic nucleus and modifies the effect of the external 
magnetic field at the site of the nucleus. Because of 
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this slight change in the local magnetic field, the nu- 
cleus resonates at a slightly different frequency. This 
shift in frequency is called chemical shift. The chemi- 
cal shift is determined by the electrochemical envi- 
ronment of the resonating nucleus, and therefore the 
precise shift is characteristic of a particular atomic 
nucleus in a particular compound. The bandwidth of 
the RF pulse, of course, must contain all the frequen- 
cies that are necessary to excite the particular atomic 
nucleus in compounds of interest. The RF signal ob- 
tained in an MRS experiment contains many slightly 
different frequencies. Fourier transformation of the 
signal transforms a complex time-domain signal into 
a complex frequency-domain signal. The resulting 
spectrum depicts all the nuclear resonances as a func- 
tion of their frequency. Each peak in the spectrum 
represents the atomic nucleus in a particular com- 
pound. The area under each peak is proportional to 
the number of nuclei producing that peak. MR spec- 
tra can be calibrated to yield absolute concentrations 
of the metabolites represented. The chemical shift de- 
pends on the magnetic field strength. However, in 
MRS the resonance frequencies are not expressed in 
absolute units (hertz) but in relative units (parts per 
million, ppm) related to the resonance frequency of a 
given reference compound. The relative units, ppm, 
are independent of magnetic field strength. In this 
way the results obtained in experiments performed at 
different magnetic field strengths become directly 
comparable with respect to chemical shift. Another 
phenomenon that determines the appearance of a 
spectrum is the influence of other nuclei in the same 
molecule on the nucleus of interest, which is called 
J-coupling. If there is no coupling, the resonance re- 
mains a single peak (a so-called singlet). If a certain 
nucleus in particular compound - in the case of 
X H-MRS a proton - is influenced by other protons 
only a few chemical bonds apart, coupling will induce 
a splitting of the resonance. Depending on the num- 
ber of neighboring protons, the resonance may be 
split into a doublet, a triplet, or more complex pat- 
terns. Due to J-coupling spectra will look different at 
different field strengths. 

The nuclei that one would like to observe can be se- 
lected by using the appropriate RF pulse. MRI most 
commonly makes use of the magnetic properties of 
protons and is in fact X H MRI. The protons that con- 
tribute to the signal intensity on the images are main- 
ly present in water and fat. MRS, however, focuses not 
only on protons ^H-MRS), but also on phosphorus 
( 31 P-MRS) and, less frequently, on other nuclei such as 
13 C, 15 N, 19 F, and 23 Na. In human tissues, these nuclei 
are present in much lower concentrations than are 
protons, and the overall sensitivity of the nuclei is 
much lower than that of protons. Table 108.1 lists the 
resonant frequencies and relative MR sensitivities of 
various nuclei at a magnetic field strength of 1.5 T. 



Table 1 08.1 . Resonance frequencies and relative MR sensitiv- 
ities at 1 .5 T 



Nucleus 


Larmor 
in MHz 


frequency 


Relative 

MR sensitivity 


1 H 


63.86 




1 


31p 


25.85 




0.066 


19p 


60.08 




0.83 


23 Na 


16.89 




0.093 


13 C 


16.06 




0.016 


15 N 


6.47 




0.001 



MRS methods are relatively insensitive. Weak MR 
signals are measured from relatively low- concentra- 
tion compounds. For this reason spectra are obtained 
from relatively large volumes of interest (so-called 
voxels). The voxel size necessary to produce a spec- 
trum with a reasonable signal-to-noise ratio is larger 
for nuclei with low abundance and low inherent sen- 
sitivity. For X H-MRS voxels typically have a size of 
4-12 ml, whereas for 31 P typical voxel sizes are in the 
range of 24-63 ml. A further improvement of the 
spectral signal-to-noise ratio is obtained by signal av- 
eraging. For X H-MRS 64-128 acquisitions are com- 
mon, whereas 128-256 acquisitions are generally 
used for 31 P-MRS. It is also essential to use MR instru- 
ments with optimal technical equipment to ascertain 
optimal primary sensitivity. The magnetic field 
should be extremely homogeneous over the volume 
analyzed. Any significant inhomogeneity in the mag- 
netic field spreads out and blurs chemical shift spec- 
tral lines due to the spread of Larmor frequencies 
across the volume. The resulting spectral line broad- 
ening is undesirable because it reduces the signal-to- 
noise ratio and hampers the ability to distinguish two 
closely neighboring resonance lines. The frequencies 
and frequency separations increase linearly with field 
strength. High magnetic field strengths are therefore 
necessary to optimize spectral resolution. High spec- 
tral resolution is particularly important for proton 
spectroscopy, where most interest is focused on 
metabolites within a narrow chemical shift range, and 
where the peaks of the metabolites often overlap. For 
MRS in human beings, a magnetic field strength of 
1.5-4 T is used. In experimental work with animals, 
magnetic field strengths of 4-8 T or even higher are 
preferred. 

For the purpose of cleaning the final spectrum or 
obviating unwanted resonances, the spectroscopist 
has access to many suppression and editing tech- 
niques. The largest peak in the X H spectrum re- 
presents water. The concentration of water is about 
10 4 -10 5 times higher than the concentration of the 
other metabolites. Consequently, the water peak dom- 
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inates the spectrum, while the other resonances 
are barely visible. For this reason, water suppression 
techniques are invariably applied to remove the water 
peak from the spectrum and make the other peaks 
better visible and quantifiable. Lipids present in 
the skull and subcutaneous tissue are another poten- 
tial problem, as their concentration is also high 
and their resonances overlap with those of interest- 
ing brain metabolites. Several techniques are avail- 
able to overcome the contamination of a spectrum 
by fat: location of the volume of interest far from 
the skull, fat suppression techniques, and outer vol- 
ume suppression when an entire brain slice is investi- 
gated. 

Even with all these precautions, MRS remains a rel- 
atively insensitive technique requiring concentra- 
tions at least in the millimolar range for metabolites 
to be visualized. Many important but too diluted 
compounds have so far remained undetectable by in 
vivo MRS. In addition, only molecules sufficiently 
small and mobile to tumble freely render MR signals 
useful for in vivo work. No useful signals can be 
obtained from large molecules such as proteins, even 
soluble ones, nor from most membrane compounds 
or small molecules bound to large ones. The broaden- 
ing of spectral lines makes differentiation of these 
molecules impossible. However, under certain condi- 
tions they will contribute to the spectrum as a 
"macromolecular baseline." 

For in vivo MRS it is important that a volume of in- 
terest can be selected from which the spectrum is de- 
rived. A simple technique is the placement of a sur- 
face coil over the volume of interest. The spatial defi- 
nition of such coils is rather poor since the intensity 
of signal reception decreases with distance. Several 
techniques have been devised to improve the spatial 
response of surface coils and to make positioning of 
the volume of interest more accurate. One major dis- 
advantage remains, which is that surface coils are on- 
ly suitable for volumes of interest near the surface. 
Image-localized single voxel spectroscopy by gradi- 
ent control allows direct and precise definition of a 
volume of interest on a proton image. Major advan- 
tages are the ability to select volumes located in the 
deeper parts of the brain and the ability to define a 
volume of interest guided by the abnormalities seen 
on the image, avoiding contamination of the spec- 
trum by signals from undesired regions. In chemical 
shift imaging (CSI), also called spectroscopic imag- 
ing, spectra are obtained from many contiguous vox- 
els at the same time, covering more or less an entire 
brain slice. X H CSI is usually applied to investigate one 
of multiple brain slices of 1-2 cm thickness with an 
in-plane resolution of 1 x 1 cm 2 . The information thus 
obtained can be used to construct maps for separate 
metabolites, which display the distribution of a par- 
ticular metabolite over the brain slice. 
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Fig. 108.1. Localized 31 P spectrum of the human brain. The 
spectrum is obtained at 1.5T with the ISIS technique, TR 
3750 ms,256 measurements, voxel size 63 ml 

108.2 Metabolites 

In a spectrum from the human brain, 31 P-MRS reveals 
seven major peaks (Fig. 108.1): phosphomonoesters 
(PME), inorganic phosphate (Pi, including H 3 P0 4 , 
H 2 P0 4 -, HP0 4 2 ", and P0 4 3 "), phosphodiesters (PDE), 
phosphocreatine (PCr), and the y-, a-, and p-phos- 
phate groups of adenosine triphosphate (ATP), res- 
onating at 6.5, 4.9, 2.6, 0, -2.6, -8.0, and -16.5 ppm 
respectively. ADP contributes to the y- and a-ATP 
peaks. NAD and NADH contribute to the a-ATP peak. 

The main component of the PME peak is phospho- 
ethanolamine. Other components are phospho- 
choline, glycerol 3-phosphate and sugar phosphates. 
Minor components are phosphoserine and phospho- 
inositol. Phosphoethanolamine is a precursor in the 
anabolism of phosphatidylethanolamine and a prod- 
uct in the catabolism of sphingomyelin. Phospho- 
choline is a precursor of phosphatidylcholine and 
sphingomyelin and a product in the catabolism of 
sphingomyelin. Glycerol 3-phosphate is a precursor 
of phosphatidylethanolamine, phosphatidylcholine, 
and plasmalogens and a product in the catabolism of 
the same compounds. The PME peak is elevated in all 
rapidly growing tissues with rapid membrane synthe- 
sis, such as tumors and the growing brain. It is proba- 
ble that the elevation is caused by the enhanced pres- 
ence of compounds meant for the production of 
membrane phospholipids. Generally, the PME peak is 
considered to reflect phospholipid anabolic activity. 
This notion has been confirmed by the finding that 
the level of PME correlates linearly with the rate of 
phospholipid synthesis. 

The 31 P spectrum of the brain contains a large, 
broad peak centered in the PDE region, underlying 
the remainder of the spectrum (Fig. 108.2). This large, 
broad peak originates from large, relatively immobile 
membrane phospholipids. This broad component is 
commonly removed from the spectrum by filtering 
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Fig. 108.2. A An unfiltered 31 P spectrum of the brain. B The 
same spectrum after filtering.The spectra are obtained at 1 .5 T 
with the ISIS technique, TR 3750 ms, 256 measurements, voxel 
size 63 ml 



techniques as a standard processing procedure. The 
remaining PDE peak contains mainly contributions 
from more mobile phospholipids and relatively 
minor contributions from phospholipid breakdown 
products, including glycerophospho choline and glyc- 
erophosphoethanolamine, freely soluble cytosolic 
molecules. These latter compounds are catabolic 
products of phosphatidylcholine, phosphatidyletha- 
nolamine, and plasmalogens. 

The 31 P spectrum contains multiple peaks repre- 
senting high-energy phosphorus compounds (ATP 
and PCr) and Pi. Intracellular PCr acts via the creatine 
kinase reaction as a buffer to maintain a constant ATP 
level in the face of variable energy demands. In condi- 
tions of decreasing ATP, PCr reacts with ADP to pro- 
duce ATP and creatine with creatine kinase as catalyz- 
ing enzyme. The reaction is reversible and PCr can be 
re-synthesized from creatine and ATP. This so-called 
creatine phosphate shuttle facilitates energy distribu- 
tion and responds to energy demands. The PCr/Pi 
ratio is often used as a measure of the energy status of 
the brain. The ATP level only drops when PCr is ex- 
hausted. In view of the metabolic stability of ATP, it 
has often been used as an internal reference for quan- 
titation. In particular the p-ATP peak, which does 
not contain any contributions of other compounds 



known to be present in brain tissue in significant 
amounts, is used as a reference. 

The chemical shift of Pi relative to PCr is a function 
of pH. The pH determines the relative amounts of 
H 2 P0 4 -, and HPO4 2 - in the equilibrium H 2 P0 4 - ^ HP0 4 2 - 
+ H + , and the precise resonance frequency of Pi as 
a whole. Using the equation of Petroff et al. (1985), the 
pH can be deduced from the chemical shift of Pi rela- 
tive to PCr. This pH holds for the compartment in 
which these phosphates are present, which in the 
brain is the intracellular compartment. 

Peak assignment in the X H spectrum is problemat- 
ic because of overlapping resonances. Straightfor- 
ward assignment is possible for the singlet represent- 
ing the N-acetyl methyl resonance of iV-acetylaspar- 
tate (NAA) at 2.02 ppm, the methyl and the methylene 
resonance of total creatine (Cr), including free crea- 
tine and phosphocreatine, at 3.02 ppm and 3.93 ppm, 
respectively, and the methyl resonances of choline- 
containing compounds (Cho) at 3.22 ppm (Fig. 108.3). 
The methyl resonance of AT-acetylaspartyl glutamate 
(NAAG) is a shoulder on the methyl resonance of 
NAA with only a slight difference in chemical shift 
(2.05 as opposed to 2.02 ppm). It is responsible for 
about 10-25% of the NAA peak. Since the singlet res- 
onances of NAA, Cr, and Cho exhibit relatively long T 2 
relaxation times, they may be specified in spectra at 
long echo times (135 or 270 ms) (Fig. 108.3a). When 
shorter echo times (15-30 ms) are used, a consider- 
ably increased number of resonances with short T 2 
relaxation times can be visualized (Fig. 108.3b). Most 
obvious are the appearance of a strong signal from 
multiple collapsed resonances of rayo-inositol (mlns) 
at 3.56 ppm. A complex pattern of coupled resonances 
between 2.1 and 2.5 ppm together with a further 
group of resonances around 3.8 ppm are assigned to 
glutamine and glutamate. Resonances of y-aminobu- 
tyric acid (GAB A) are overlapped by the larger reso- 
nances of Cr, glutamate, and NAA (GABA resonances 
at 1.90, 2.30, and 3.03 ppm). Additional resonances 
are seen originating from the aspartyl group of 
NAA (2.48, 2.60, and 2.66 ppm), glucose (3.43 and 
3.80 ppm) and scyZZo-inositol (3.35 ppm). The singlet 
of glycine (3.55 ppm) overlaps with the mlns peak. 
The quartet of taurine (centered at 3.35 ppm) partly 
overlaps with scyZZo-inositol. Lactate is not usually 
visible under normal conditions, but can be visual- 
ized as a doublet centered at 1.33 ppm if elevated. Ala- 
nine can only be seen when increased in concentra- 
tion, then giving rise to a doublet at 1.47 ppm. Pyru- 
vate is below the level of detection under normal cir- 
cumstances, but when elevated it gives rise to a single 
peak at 2.36 ppm. In case of elevated tissue levels of 
free lipids, for instance as a result of myelin break- 
down or spectral contamination by fat from the skull, 
broad resonances are seen at 0.9 and 1.3 ppm origi- 
nating from the methyl and methylene groups of the 
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Fig. 1 08.3. Localized ] H spectra of parietal cortex (1 2 ml) of a 
4-year-old healthy girl, obtained at 1 .5T. A At a long echo time 
of 135 ms (PRESS, TR/TE = 3000/1 35 ms) only singlet reso- 
nances of NAA, Cr, and Cho are visible. B At a short echo time 
of 20 ms (STEAM, TR/TE = 6000/20 ms) additional resonances 
of mlns, Glx (glutamate and glutamine), and other metabolites 
are present in the spectrum 



lipids. Because of severe overlap of resonances in 
spectra recorded with short echo times, it is difficult 
to quantify metabolite concentrations. Special tech- 
niques such as spectral editing have been developed 
to quantify glutamine, glutamate, and GABA sepa- 
rately. Alternatively, a spectrum can be quantified by 
describing it as a linear combination of model spectra 
of all individual metabolites included in a database 
using prior knowledge. 

NAA is a compound found at high concentration in 
the CNS, whereas only traces are found in other tis- 
sues. In the mature brain NAA is almost entirely con- 
fined to neurons and their axons: 40% of the NAA is 
in the nerve-ending mitochondrial fraction and 60% 
is in the cytosol. In cell cultures NAA has also been 
demonstrated in oligodendroglial precursor cells. 



NAA and its derivative NAAG are synthesized in neu- 
ronal mitochondria. However, the catabolic enzyme 
for NAA hydrolysis, aspartoacylase, is expressed only 
in oligodendrocytes, and the catabolic enzyme for 
NAAG is expressed only in astrocytes. Little is known 
about the role of NAA in normal function or disease 
states. Possible functions include a role as precursor 
of the putative neurotransmitter NAAG, as storage 
form of the neurotransmitter aspartate, as acetyl 
donor in lipid synthesis (important in myelin synthe- 
sis), as stabilizer of the concentration of acetyl-CoA, 
as molecular water pump, and as having a role in os- 
motic regulation, protein synthesis, and cell signal- 
ing. NAA is considered to be a neuron- and axon-spe- 
cific marker. In disease conditions NAA is often low, 
related to neuronal or axonal dysfunction or loss. Par- 
tial recovery of NAA level has been described in im- 
proving cerebral disorders. It is, therefore, not correct 
to interpret a decrease in NAA as a straightforward 
indication of irreversible neuronal loss. However, it is 
difficult to separate the effects of recovery of NAA 
concentrations in recovering neurons from the effects 
of tissue contraction after removal of damaged tissue 
elements. Temporary reductions in NAA have been 
ascribed to temporary metabolic depression and de- 
creased mitochondrial energy production. 

The Cr peak represents the total amount of crea- 
tine and phosphocreatine present in the creatine ki- 
nase shuttle. The total creatine pool remains fairly 
constant under a variety of conditions. For this reason 
Cr has often been used as internal reference for quan- 
titation. However, since Cr is not constant under all 
conditions, other means of referencing are preferable. 
The Cr concentration of glia is relatively high and 
consequently increased Cr is seen in conditions of 
gliosis. Cr is only present intracellularly, and Cr has 
also been considered a marker for cellular density. 

The Cho peak contains contributions from various 
compounds. Water-soluble choline-containing com- 
pounds in the brain, including choline, glycerophos- 
phocholine, and phosphocholine, are responsible for 
the largest part of the peak. A smaller contribution to 
the peak comes from choline-containing phospho- 
lipids, including sphingomyelin and phosphatidyl- 
choline. Acetylcholine is also a water-soluble com- 
pound, but has a low concentration. Elevated Cho is 
seen in conditions of high cell density and enhanced 
membrane turnover, such as brain growth, myelina- 
tion, demyelination, inflammation, and tumor growth. 
Cho is also an osmolyte and its level may reflect com- 
pensation for osmotic changes. 

Lactate occupies a special position in energy me- 
tabolism. Being the end product of glycolysis, it rises 
in concentration whenever the glycolytic rate in a vol- 
ume of tissue exceeds the tissue's capacity to catabo- 
lize lactate or export it to the blood stream. Lactate 
levels are increased under conditions of anaerobic 
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glycolysis, for example in failure of energy supply or 
in respiratory chain defects. Macrophages are highly 
dependent on anaerobic glycolysis for their energy 
production. Elevated lactate is also seen in conditions 
characterized by the presence of increased numbers 
of macrophages, such as active demyelination and 
tissue necrosis. Increased lactate secondarily leads to 
increased alanine, which may become visible in the 
spectrum. 

The mlns peak is also a composite peak, containing 
contributions from rayo-inositol as main component, 
and, additionally, inositol monophosphate, phos- 
phatidyl inositol (a membrane phospholipid), and 
inositol diphosphate as minor components. Inositol 
diphosphate is, however, a very important compo- 
nent, functioning as a second or third messenger for 
various hormone actions. Inositol diphosphate is ac- 
tive in releasing calcium from the endoplasmic retic- 
ulum and mitochondria. Many enzymes are depen- 
dent upon the inositol-induced calcium release. The 
function of rayo-inositol itself is still largely un- 
known, but it may be the storage form of the inositol- 
dependent messenger system. Another important 
function of rayo-inositol is that of osmoregulator. In 
diabetes mellitus, inositol phosphate has been con- 
sidered as a mediator of some of the secondary com- 
plications, in particular polyneuropathy. In galac- 
tosemia some of the late complications have been at- 
tributed to depletion of myo-inositol. Also in hepatic 
encephalopathy a depletion of rayo-inositol is seen. 
rayo-Inositol is only present in glia and mlns can 
therefore be used as a glial marker. In conditions of 
gliosis, the mlns level is increased. scyZZo-Inositol is a 
stereoisomer of rayo-inositol and usually the varia- 
tion in rayo-inositol level and scyZZo-inositol level 
change simultaneously. However, in some individuals 
high scyZZo- inositol levels are found in the presence of 
normal rayo-inositol levels. 

Glutamate is the most important excitatory neuro- 
transmitter, whereas GABA, formed by decarboxyla- 
tion from glutamate, is the most important inhibitory 
neurotransmitter. In the presynaptic neuron gluta- 
mine is converted to glutamate and ammonia by glu- 
taminase. Glutamate can either be converted to GABA 
by glutamic acid decarboxylase or be released in the 
synaptic cleft. After release by the presynaptic neu- 
ron, glutamate is taken up by the astrocyte in which it 
is processed by glutamine synthetase into glutamine, 
which is transported back to the presynaptic neuron. 
This cycle operates between the presynaptic neuron, 
the neuronal cleft, and the astrocyte. Hyperammone- 
mia has a great impact on this cycle by stimulating 
glutamine synthesis via glutamine synthetase, by pos- 
sible inhibition of glutaminase, and by inhibition of 
glutamate reuptake by the astrocyte. In hyperam- 
monemia glutamate decreases and glutamine in- 
creases. Glutamate may be elevated in conditions of 



active tissue damage, such as hypoxia-ischemia, as 
one of the so-called excitatory amino acids. Apart 
from its role as neurotransmitter and precursor of 
GABA, glutamate is important as a Krebs cycle com- 
ponent via a-ketoglutarate. Considering its predomi- 
nantly glial localization, glutamine may be considered 
a glial marker. 

Taurine is a key component of the cytosol buffer 
and serves to optimize cytosol buffering capacity at 
physiological pH. It is involved in neurotransmission, 
osmoregulation, and brain growth. It controls magne- 
sium homeostasis and calcium homeostasis. 



1 08.3 Normal Values: Age Dependency 
and Regional Variability 

The major biochemical changes related to processes 
of brain maturation are reflected in spectroscopic 
changes (Figs. 108.4 and 108.5). 

The most striking finding in 31 P-MRS (Fig. 108.4) 
of neonatal brain is a very high PME peak, in particu- 
lar in fetuses and preterm babies, in whom the PME 
peak is higher than all other peaks in the spectrum. 
Relative to p-ATP, PME decreases with ongoing brain 
maturation, to reach final values at about 2 years of 
age. In terms of absolute metabolite concentrations 
also, PME decreases with increasing age. The eleva- 
tion of the PME peak in early development is mainly 
related to elevated phosphoethanolamine. The high 
PME peak can be attributed to active membrane 
phospholipid synthesis, in particular active myelina- 
tion. Myelination is almost complete at the age of 2 
years. 

PDE is very low in fetal brain. PDE increases with 
ongoing brain maturation, but is still relatively low in 
term neonates. The PDE/p-ATP ratio and absolute 
concentrations of PDE increase with age. Final values 
are reached at the age of about 2 years. PDE originates 
to a large extent from phospholipids and to a smaller 
extent from low-molecular- weight soluble metabo- 
lites in phospholipid breakdown. The increase in PDE 
with increasing brain maturation is primarily related 
to the increasing membrane density of the brain, 
which is largely caused by progressing myelination. 
With increasing membrane content of the brain, 
membrane turnover also increases, and, accordingly, 
so does the concentration of intermediary products 
of phospholipid breakdown, contributing to the 
height of the PDE peak. 

The PME/PDE ratio can be used as a maturation 
index for brain development. 

There are major changes in energy metabolism re- 
lated to brain maturation. On the basis of findings in 
animal experimental research it was assumed that the 
cerebral concentration of ATP, reflected in p-ATP, 
does not change with age and is constant irrespective 
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Fig. 108.4. Four 31 P spectra of the brain obtained at different 
ages after birth at term: 1 month (A), 4 months (B), 2 years (C), 
and 1 5 years (D). Note the decrease in PME and increase in PDE 



and PCr relative to p-ATP with increasing age. The spectra are 
obtained at 1 .5 T with the ISIS technique, TR 3750 ms and 256 
measurements, voxel size 54-63 ml 



of maturational stage. However, evidence has been 
provided by Buchli et al. (1994) that the ATP concen- 
tration of the brain increases significantly with age 
during early development. Relative to p-ATP, PCr 
increases rapidly after birth and reaches final values 
after a few months. Pi/p-ATP does not undergo signif- 
icant changes. Buchli et al. (1994), using absolute 
quantitative data, found some postnatal increase in Pi 
and a more marked increase in PCr and ATP. So, there 
is a maturational increase in the creatine kinase reac- 
tion rate with age. PCr/Pi is considered a measure of 
the phosphorylation potential and energy status of 
the examined tissue; the increase may, therefore, im- 
ply an increase in energy reserve in infant brain tis- 
sue. This increase would be compatible with the in- 
crease in rate of energy metabolism observed in post- 
natal cerebral maturation. 

Human cerebral pH shows some decrease with on- 
going cerebral maturation. 

X H spectra also undergo major developmental 
changes. In neonates, in particular in preterms, 
the spectrum is dominated by Cho and mlns peaks, 
whereas in the adult the NAA peak is largest (Fig. 
108.5). 



NAA is low at birth. NAA/Cr ratio and absolute 
NAA values have been shown to increase after birth. 
The steepest increase occurs during the first year of 
life, with very gradual increases during childhood, 
and final values are reached around the age of 10 
years. The increase in NAA can be attributed to 
processes of neuronal maturation, including increase 
in number of axons, dendrites, and synaptic connec- 
tions. 

There is a rapid increase in the cerebral Cr concen- 
tration before and around term, and final values are 
reached after a few months. The difference from adult 
values is small but significant. Therefore, Cr is an in- 
ternal reference of limited value, especially in early 
development. 

Cho is high in neonates and decreases thereafter. 
Cho/Cr ratio and absolute Cho values decrease with 
increasing cerebral maturation, and final values are 
reached after 3-5 years. The high Cho in early devel- 
opment can be attributed to a high rate of membrane 
synthesis and turnover, in particular related to the 
process of myelination. 

The mlns concentration is high at birth and de- 
creases rapidly. Final values are reached within the 
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Fig. 108.5. Four 1 H spectra of parietal white matter obtained 
at 1.5T (STEAM, TR/TE = 2500/20 ms) and at different ages: 
32 weeks postconceptional age (A), 3 months after term birth 



(B), at 4 years (C), and at 9 years (D). Note the increase in NAA 
and decrease in Cho and mlns relative to Cr with increasing 
age 



first year of life. The significance of the high mlns 
concentration in early development is not known. 

The resonances originating from taurine are high 
at birth, and gradually decrease. 

The peaks originating from glutamine and gluta- 
mate do not change significantly. 

Metabolite concentrations show regional variabili- 
ty, determined by the structures included in the study 
(Fig. 108.6). Depending on the size of the individual 
voxels, partial volume effects are important. Due to 
the cortical foldings it is not possible to obtain spec- 
troscopic data from a voxel containing cortex only, 
and it is difficult to choose a voxel containing white 
matter only. The impact of the problem is more severe 
on 31 P-MRS than on ^-MRS, because larger voxels 
are used. In 31 P-MRS, PME, PDE, and Pi are higher in 
white matter than in gray matter, whereas PCr is high- 
er in gray matter. In ^-MRS it is possible to obtain 
spectra from voxels containing mainly cortex or 
white matter or central nuclei. It has been shown that 
NAA, Cr, mlns, glutamate, and glutamine are higher 
in gray matter spectra than in white matter spectra, 
whereas Cho is higher in white matter spectra 
(Fig. 108.6). The normal spectroscopic findings in the 
intact brain stem, cerebellum, and basal ganglia are 
again different. The maturational changes as de- 



scribed above are valid for brain structures in gener- 
al, but they may differ in detail for different brain 
structures. These regional and age-dependent spec- 
tral changes make it necessary to obtain region-spe- 
cific normal values for different ages. 



108.4 MRS in Cerebral Disorders: 

Process-Specific Abnormalities 

Two types of spectroscopic abnormalities are seen in 
white matter disorders: 

1. Process-specific spectroscopic abnormalities, re- 
lated to delayed maturation and tissue damage. 

2. Disease-specific spectroscopic changes, directly 
related to the particular disorder under investiga- 
tion. 

In this section, the process-specific abnormalities are 
discussed. 

In retarded brain maturation, MRI only shows 
delayed myelination, because, apart from gyration, 
processes of neuronal maturation cannot be visual- 
ized. In MRS one expects metabolite levels appropri- 
ate for a younger age than the age of the patient. The 
use of MRS to provide quantitative measures for 
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Fig. 108.6. 1 H spectra of a 4-year-old healthy girl, obtained 
with STEAM (TR/TE = 6000/20 ms) at 1.5T. Spectra are from 
(A) parietal cortex (10 ml), (B) parietal white matter (4 ml), 



(C) basal ganglia (5 ml), and (D) cerebellar vermis (8 ml). The 
spectra are plotted on the same vertical scale to allow a quali- 
tative comparison 



processes of cerebral maturation is limited by the 
rather wide normal variation. 

In demyelinating disorders, it is primarily the 
myelin sheath that is lost; secondarily, axonal damage 
and loss occurs. Histologically, demyelinating disor- 
ders are characterized by rarefaction of the white 
matter with respect to its normal constituents. Gliot- 
ic scar tissue fills in the free spaces that arise as a con- 
sequence of the loss of myelin and axons. Conse- 
quently, demyelinating disorders do not lead to sig- 
nificant cerebral atrophy in the early stages. Only 
when the demyelination is severe and long-standing 
does atrophy ensue. The rarefaction of white matter 
implies that the total amount of membrane phospho- 
lipids per volume of brain tissue decreases, resulting 
in a decrease in PDE in the 31 P spectrum (Fig. 108.7). 
The decrease in the ratio of PDE to p-ATP has been 
shown to be proportional to the extent of the demyeli- 
nation. The PME peak, which is proportional to the 
rate of membrane phospholipid synthesis, remains 
normal until demyelination is very severe. In severe 
demyelination a variable decrease in PME/p-ATP ra- 
tio is observed. The neuronal damage and loss accom- 
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Fig. 108.7. 31 P spectrum of a patient with severe demyelina- 
tion. Note the very low PDE. Compare this spectrum to that 
of Fig. 108.1, which was obtained from a normal child of the 
same age 

panying demyelination are reflected in a decrease in 
NAA in the l H spectrum. The decrease in NAA occurs 
early in the process. The extent of NAA loss can vary 
considerably, depending on the stage of the disease 
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Fig. 108.8. ] H spectra obtained with STEAM (TR/TE = 6000/ 
20 ms) at 1.5 T. A The white matter spectrum (5 ml) of a 
9-month-old girl with advanced-stage infantile Krabbe dis- 
ease shows almost complete absence of NAA, increased 
Cho and mlns, as well as a clear elevation of lactate, represent- 
ed by the doublet at 1 .33 ppm. B The white matter spectrum 
(5 ml) of a 4-year-old girl with the much slower disease course 
of late-infantile/early-juvenile Krabbe disease is characterized 
by a strong elevation of mlns and a less severe decrease of 
NAA 
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Fig. 1 08.9. ] H spectra of white matter affected by demyelina- 
tion (4-5 ml, STEAM, TR/TE = 6000/20 ms, 1 .5 T) show variable 
extents of metabolic abnormalities. A In a 4-year-old X-linked 
adrenoleukodystrophy patient with nonprogressive lesions, 
metabolic abnormalities in the affected white matter are lim- 
ited to a small decrease of NAA and increases of Cho and mlns. 
B In a 1 0-year-old X-linked adrenoleukodystrophy patient with 
highly active demyelination, a complete absence of NAA, 
a strong increase of Cho, and lipid resonances at 0.9 and 
1 .3 ppm, overlapping with a doublet of lactate, are found 



and destructiveness of the process, as illustrated in 
Fig. 108.8 for patients with infantile and juvenile 
Krabbe disease. In active demyelination Cho is elevat- 
ed, related to enhanced membrane lipid turnover 
(Fig. 108.9). In addition, elevated protein and lipid 
peaks at 0.9 and 1.3 ppm are occasionally seen, relat- 
ed to the enhanced presence of myelin breakdown 
products (Fig. 108.9b). A variable increase in lactate 
occurs in active demyelination, presumably related to 
the infiltration of the tissue by macrophages (Fig. 
108.9b). Increased levels of glutamate/glutamine have 
been observed, which may be related to processes 
of active tissue degeneration. The concentration of 
mlns increases as a consequence of gliosis (Fig. 



108.10a). In the end-stage phase of demyelination, 
Cho decreases again, lactate and lipids disappear, and 
the spectrum becomes "empty," dominated by a high 
mlns peak. The cortex spectrum remains relatively 
intact (Fig. 108.10b). 

In primary neuronal degenerative disorders, neu- 
rons undergo degenerative changes, die, and disap- 
pear, together with their axons and myelin sheaths. 
White matter rarefaction does not occur and gliosis is 
usually inconspicuous. Tissue loss is primarily evi- 
dent as atrophy. As expected, the PDE/p-ATP ratio has 
been found to remain within the normal range, even 
in far advanced disease. The neuronal damage is 
reflected in a decrease in NAA, but the decrease in 
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Fig. 108.10. The 1 H spectrum of affected white matter (A; 
5 ml, STEAM, TR/TE = 6000/20 ms, 1.5T) of a 10-year-old girl 
with an advanced stage of metachromatic leukodystrophy 
only contains signals of mlns, Cho, and Cr, indicating the pure 
gliotic contents of the tissue. B In contrast, the spectrum of 
the cortex (8 ml) still contains a relatively high signal of NAA 
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Fig. 108.1 1. The^ spectrum of white matter (A; 5 ml, STEAM, 
TR/TE = 6000/20 ms, 1 .5 T) of an 8-year-old boy with the Turk- 
ish variant of late-infantile neuronal ceroid lipofuscinosis 
shows a marked decrease of NAA and an increase of lactate. 
B The loss of NAA is also pronounced in the cortex spectrum 
(8 ml). In the cortex spectrum all signals are relatively low due 
to atrophy and admixture of more CSF than usual 



NAA underestimates the neuronal/axonal loss as 
compared to primary demyelinating disorders be- 
cause of tissue contraction (Fig. 108.11a). However, 
in neuronal degenerative disorders the decrease in 
NAA in the cortex spectrum is more marked 
(Fig. 108.11b) than in demyelinating disorders (Fig. 
108.10b). In neuronal degenerative disorders the 
NAA decrease occurs before evident atrophy on MRI. 
So, in this respect, MRS is more sensitive than MRI. In 
neuronal degenerative disorders, Cho may be elevat- 
ed related to enhanced membrane turnover. Some 
elevation of mlns is sometimes seen, related to some 
gliosis. 

In hypomyelination, the level of Cho tends to be 
low, indicative of decreased (myelin) membrane syn- 
thesis and turnover (Fig. 108.12). In the case of con- 
comitant white matter gliosis, mlns and Cr are elevat- 
ed, as is seen in H-ABC (/zypomyelination with atro- 
phy of the basal ganglia and cerebellum) (Fig. 108.13). 
In the case of concomitant axonal damage and loss, 
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Fig. 108.12. The ] H spectrum of white matter (5 ml, STEAM, 
TR/TE = 6000/20 ms, 1.5T) of a 25-year-old male with hypo- 
myelination shows a decrease of Cho whereas all other 
metabolite concentrations are within normal ranges 
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Fig. 108.13. The ] H spectrum of white matter (5 ml, STEAM, 
TR/TE = 6000/20 ms, 1 .5 T) of an 8-year-old boy with H-ABC at 
1 .5 T, shows a slight decrease of Cho, as well as an increase of 
Cr and especially of mlns 



Fig. 108.15. The ] H spectrum (6 ml, STEAM, TR/TE = 6000/ 
20 ms, 1.5T) of a white matter lesion of a 44-year-old female 
with relapsing-remitting multiple sclerosis shows a decrease 
of NAA and an increase of mlns 
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Fig. 108.14. ] H spectra of white matter (6 ml, STEAM, TR/TE 
= 6000/20 ms, 1.5T) of patients with vanishing white matter. 
A In the spectrum of a 10-year-old girl with mild disease all 
metabolites are only slightly decreased, indicating a rarefac- 
tion of the white matter. B The spectrum of a 3-year-old girl 
with totally cystic white matter on MRI only contains lactate 
(doublet at 1 .33 ppm) and glucose (signals at 3.4 and 3.8 ppm), 
indicating the replacement of white matter by CSF 



white matter NAA is decreased. Some have found an 
increased NAA in the white matter of patients with 
Pelizaeus-Merzbacher disease, which can be ex- 
plained by the higher axonal density per tissue vol- 
ume in the absence of myelin sheaths. 



In several disorders, white matter pathology is 
dominated by white matter rarefaction and cystic 
degeneration. Examples are vanishing white matter 
disease and severe variants of sulfite oxidase deficien- 
cy/molybdenum cofactor deficiency. In particular 
in vanishing white matter, the process of progres- 
sive white matter rarefaction can be followed with 
^-MRS. The peaks representing metabolites normal- 
ly present in the spectrum gradually become lower 
and disappear (Fig. 108.14). The peaks representing 
lactate and glucose become visible (Fig. 108.14). Lac- 
tate and glucose are normally below the level of detec- 
tion in brain tissue, but they have a higher concentra- 
tion in the CSF, which makes them detectable in high- 
ly rarefied and cystic white matter, where most of the 
white matter has been replaced by tissue water or CSF. 

Acute inflammatory white matter lesions, related 
to encephalitis, acute disseminated encephalomye- 
litis, and multiple sclerosis, are characterized by a de- 
crease in NAA and variable increases in Cho, lactate, 
lipids, and mlns (Fig. 108.15). The findings are indis- 
tinguishable from those seen in active demyelinating 
metabolic disorders and related to the same basic 
pathological processes, including axonal damage and 
loss, enhanced membrane turnover, macrophage in- 
filtration, enhanced presence of membrane break- 
down products, and gliosis. 

As MRS allows in vivo assessment of cerebral ener- 
gy metabolism, it can be applied to evaluate cerebral 
consequences of cellular energy failure in mitochon- 
drial defects. Inborn errors involving mitochondrial 
oxidative phosphorylation and electron transport 
may lead to failure to synthesize sufficient ATP, accu- 
mulation of ADP, and failure of PCr synthesis from Cr. 
In addition, mitochondrial dysfunction may lead to 



1 08.4 MRS in Cerebral Disorders: Process-Specific Abnormalities 871 




4 3 2 1 

Chemical Shift/ ppm 

Fig. 108.16. The 1 H spectrum of white matter (5 ml, STEAM, 
TR/TE = 6000/20 ms, 1.5T) of a 15-year-old boy with Kearns- 
Sayre syndrome shows a decrease of NAA and mlns, as well as 
an increase of lactate (doublet at 1 .33 ppm) and glucose (res- 
onances at 3.43 and 3.8 ppm) 
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Fig. 108.17. A The ] H spectrum of an acute lesion in the 
occipital cortex (8 ml, STEAM, TR/TE = 6000/20 ms, 1 .5 T) of a 
12-year-old boy with MELAS shows a prominent doublet of 
lactate and complete loss of NAA. B The spectrum of an 
adjoining older lesion in the parietal cortex (6 ml) contains 
only some small signals from remaining lactate, Cho, and Cr 



accumulation of unoxidized reducing equivalents in 
the form of NADH, NADPH, and lactate. Alanine may 
be elevated secondary to the lactate elevation. The 
pattern of metabolic disturbances in mitochondrial 
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Fig. 1 08.1 8. A The ] H spectrum of white matter (5 ml, STEAM, 
TR/TE = 6000/20 ms, 1 .5 T) of a 2-year-old boy with Leigh syn- 
drome (Leigh/NARP mutation) is completely inconspicuous. 
B A spectrum of the lesion in the basal ganglia (4 ml) in the 
same patient contains a small lactate doublet. It should, 
however, be noted that lactate is not necessarily detected in 
patients with mitochondrial disorders, not even in areas which 
are abnormal on MRI 



disorders is, in most respects, indistinguishable from 
that of hypoxia. In ^-MRS in a variety of mitochon- 
drial encephalopathies, including Leigh syndrome, 
NARP syndrome, Kearns-Sayre syndrome (Fig. 
108.16), MELAS (Fig. 108.17), MERRF, and Leber 
hereditary optic atrophy, variable elevations of cere- 
bral lactate are found, but lactate is not unequivocally 
elevated in all patients and/or in all brain structures 
(Fig. 108.18). Cross et al. (1993) found a good correla- 
tion between CSF levels of lactate: when the CSF lac- 
tate was below 2.5 mmol/1, no lactate was seen in X H 
spectra of the brain, whereas in all cases with a CSF 
lactate above 4.0 mmol/1, elevated lactate was found in 
MRS. However, patients have been described repeat- 
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Fig. 108.19. The 1 H spectrum of frontal cortex (5 ml, STEAM, 
TR/TE = 6000/20 ms, 1 .5 T) of a 7-month-old girl with pyruvate 
dehydrogenase complex deficiency shows not only a promi- 
nent lactate doublet (1.33 ppm), but also a clear singlet at 
2.36 ppm, which can be assigned to pyruvate.The spectrum is 
further characterized by decreased signals of NAA and mlns 



edly with absence of lactate in X H spectra of the brain, 
while CSF lactate was high, as well as patients with el- 
evated lactate in X H spectra of the brain while CSF lac- 
tate was normal. There is a regional variability in ele- 
vations of cerebral lactate, lactate being most pro- 
nounced in regions where MRI shows fresh structur- 
al abnormalities, as illustrated in Fig. 108.17. The 
lactate decreases again when the lesion turns into in- 
active scar tissue. In some patients the elevated ala- 
nine can be visualized. Elevated cerebral glucose lev- 
els may be seen (Fig. 108.16), ascribed to a high de- 
gree of nonoxidative glycolysis. In pyruvate dehydro- 
genase complex deficiency, elevated cerebral pyruvate 
may be demonstrable in addition to the elevated lac- 
tate (Fig. 108.19). 31 P-MRS in mitochondrial disorders 
may reveal a decrease in PCr and increase in Pi in the 
presence of a normal pH, while calculations yield an 
increase in ADP, a decrease in phosphorylation po- 
tential, and an increased percentage of the maximal 
rate at which ATP is being synthesized, the latter re- 
flecting the increased demand on the mitochondria 
able to participate in oxidative phosphorylation. 
These abnormalities are, however, again not invari- 
ably present. The above X H and 31 P spectroscopic fea- 
tures are a measure of the derangement of cerebral 
energy metabolism and can be used to monitor the 
course of disease in mitochondrial disorders, in par- 
ticular to evaluate the effects of treatment. In addi- 
tion, nonspecific spectroscopic changes can be pre- 
sent in mitochondrial disorders, in particular a de- 
crease in NAA, glutamate, and Cr in lesions, related to 
neuronal dysfunction and loss. 

Similar spectroscopic changes related to cellular 
energy failure are present in hypoxic-ischemic en- 
cephalopathy of neonates. In the acute phase of cere- 



bral hypoxia-ischemia, acute reciprocal changes oc- 
cur in the concentrations of PCr and Pi, so that the 
PCr/Pi ratio falls. Only when PCr/Pi reaches a low val- 
ue does the concentration of ATP also decline. Intra- 
cellular pH is reduced. These changes are rapidly re- 
versed when cerebral perfusion and oxygenation are 
restored. Over the subsequent few days, spectral ab- 
normalities develop again in spite of the absence of 
any ongoing hypoxia-ischemia. Again there are 
roughly reciprocal changes in PCr and Pi and, in se- 
verely affected infants, a fall in ATP. However, intracel- 
lular pH tends to rise rather than to fall. Later Pi in- 
creases, well out of proportion to the fall in PCr, and 
in severely damaged brains PCr and ATP are absent, 
leaving only a large residual Pi peak in the spectrum. 
In less severely affected infants who recover, the 31 P 
metabolite ratios return to normal over the course of 
about 2 weeks, but sometimes the total phosphorus 
signal is reduced, indicating permanent loss of cells. 
The explanation of the presence of two stages is that 
the initial acute hypoxic-ischemic episode initiates a 
series of reactions, which later cause progressive dis- 
ruption of oxidative phosphorylation in brain tissue. 
This disruption is termed "secondary energy failure." 
This course of events explains why 31 P-MRS findings 
are often normal on the first day of life, to become ab- 
normal over the subsequent few days. The 31 P-MRS 
findings appear to have prognostic value. Of the chil- 
dren whose PCr/Pi falls below the 95% confidence 
limits for normal infants, two -thirds die and almost 
all survivors have a serious neurological handicap. 
Nearly all infants with a decrease in ATP die. With re- 
spect to X H spectroscopic findings, it has been shown 
that lactate is elevated during the hypoxia-ischemia, 
to recover partially soon after restoration of normal 
oxygenation of the brain and rise again during the 
first 2 days, mirroring the phenomenon of secondary 
energy failure seen in 31 P-MRS. NAA begins to de- 
crease several hours after the hypoxic-ischemic 
episode, mlns may also increase within the first few 
days. Glutamate may be relatively elevated for a while 
after the acute hypoxic-ischemic incident, suggesting 
excitotoxic effects. In contrast to the normalization of 
the 31 P spectra, X H spectra remain abnormal. NAA 
may recover partially, but does not return to normal. 
The increased lactate may persist for weeks. X H spec- 
troscopic findings also have prognostic value. The 
lowest NAA levels are found in the children with the 
poorest outcome. The presence of elevated lactate and 
also of mlns carries a poor prognosis with respect to 
survival and neurological handicap. 

In conditions of chronic hypoxia-ischemia, such 
as subacute arteriosclerotic encephalopathy and 
CADASIL, damage-specific spectroscopic abnormali- 
ties are found, including decreased NAA and in- 
creased Cho and mlns, whereas lactate may be nor- 
mal or mildly elevated. 
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Fig. 1 08.20. A The ] H spectrum of basal ganglia (8 ml, STEAM, 
TR/TE = 6000/20 ms, 1.5T) of a 6-year-old boy with a porto- 
caval shunt and serum ammonia levels of 1 50-200 junol/l 
shows the effects of hyperammonemia in the brain: apart from 
an increase in glutamine,the spectrum is characterized by low 
signals from mlns and Cho, compensating the osmotic pres- 
sure. B The resonances from glutamine dominate the spec- 
trum obtained from basal ganglia and white matter (27 ml, 
STEAM, TR/TE = 2500/20 ms, 1.5T) in a 1 -week-old neonate 
suffering from argininosuccinate lyase deficiency (urea cycle 
defect) and serum ammonia levels of more than 1 000 pinol/l. 
The signals of the osmolytes mlns and Cho are small in com- 
parison to the usually much higher levels in neonates 



The X H spectrum contains resonances of several 
metabolites that have a function as idiogenic os- 
molytes. mlns is probably the most important among 
them, but Cho, Cr, NAA, glutamine and glutamate al- 
so have a role in maintaining iso-osmosis. It has been 
shown that in hypernatremia mlns, scy/Zo-inositol, 
Cho, Cr, and glutamine/glutamate are elevated, re- 
turning to normal when the serum sodium level re- 
turns to normal. In hyponatremia, mlns, Cho, Cr, and 
NAA are decreased and return to normal with nor- 
malization of the serum sodium level. In our patient 
with extremely elevated levels of D-arabitol and 
ribitol in the brain (see below), NAA, mlns, Cr, and 
Cho are decreased, probably a compensatory reaction 
to the osmotic effects of the accumulating polyols. 



In cases of hyperammonemia of any origin, in- 
cluding urea cycle defects, propionic acidemia, Reye 
syndrome, Wilson disease, and other causes of hepat- 
ic failure, X H spectra show changes directly related to 
the high levels of ammonium. Hyperammonemia has 
a great impact on the equilibrium between glutamate, 
glutamine, and GABA by stimulating glutamine syn- 
thesis from glutamate, resulting in an accumulation 
of glutamine and a depletion of glutamate. Elevated 
levels of glutamine can be visualized easily by 1 H- 
MRS (Fig. 108.20). Other consistent and striking 
spectroscopic changes in hyperammonemia concern 
a decrease in mlns and Cho (Fig. 108.20). As mlns is 
an osmolyte, depletion of mlns is probably an osmot- 
ic response to glutamine accumulation. In addition, 
mlns is a precursor of glucuronic acid, which helps to 
detoxify xenobiotics by conjugation. Depletion of 
mlns could partially be the result of excessive detoxi- 
fication. The decrease in Cho is probably also an os- 
motic response. In cases of neuronal damage, NAA is 
decreased, but in many patients with hyperammone- 
mia, NAA is normal. The spectroscopic changes di- 
rectly related to hyperammonemia are reversible af- 
ter normalization of ammonia levels, implying that 
^-MRS is a very useful tool for monitoring cerebral 
abnormalities in hyperammonemias. 



108.5 MRS in Cerebral Disorders: 

Disease-Specific Abnormalities 

Specific changes, related to the specific disorder, can 
be found in particular in some of the inborn and ac- 
quired errors of metabolism. 

The relative increase in NAA in Canavan disease is 
well known (Fig. 108.21). It is specifically the metabo- 
lism of NAA that is disturbed in this disorder. When 
absolute quantitation is used and metabolites are ex- 
pressed in millimoles per liter of brain tissue, Cho 
and Cr appear to be low and NAA can vary between 
the normal range and up to a two -fold elevation. In 
direct biochemical measurements the increase in the 
level of cerebral NAA expressed in micromoles per 
milligram protein is much more pronounced. The 
apparent discrepancy between MRS and biochemical 
findings can be explained by the different way of ex- 
pressing the concentration: per volume (MRS) or per 
dry weight (biochemical analyses). In Canavan dis- 
ease, the white matter has a reduced myelin content 
and cellularity, and the white matter is converted into 
a loose, vacuolated meshwork, with glia and bare 
axons left as tissue elements. This serious white mat- 
ter rarefaction implies that a large part of the selected 
volume of interest for MRS consists of water. The low 
Cho with low Cho/Cr ratio in Canavan disease is 
probably related to the very low membrane content of 
the white matter. In itself the elevation of NAA is 
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Fig. 108.21. AThe ] H spectrum of white matter (4 ml, STEAM, 
TR/TE = 6000/20 ms, 1 .5 T) of a 4-month-old boy with Canavan 
disease shows elevated signals of NAA and mlns, whereas Cr 
and Cho are decreased. B Only NAA and mlns are visible in the 
white matter spectrum (3.5 ml, STEAM, TR/TE = 6000/20 ms, 
1 .5 T) of the same patient at the age of 1 year. 
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Fig. 108.22. The 1 H spectrum of white matter (6 ml, PRESS, 
TR/TE = 6000/30 ms, 2 T) of a 3-year-old with an NAA deficien- 
cy does not contain signals from NAA or NAAG. From Martin et 
al. (2001), with permission 
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Fig. 108.23. The 1 H spectrum of predominantly white matter 
(27 ml, STEAM, TR/TE = 1 500/270 ms, 1 .5 T) of a 3-year-old boy 
with maple syrup urine disease in the acute state shows next 
to the doublet of lactate a doublet around 0.9 ppm,assigned to 
the methyl group of branched-chain amino acids (probably 
leucine) or keto acids. From Felber et al. (1 993), with permission 



specific for Canavan disease, as in all other conditions 
NAA is normal or decreased, but not increased. In ad- 
dition, mlns is increased and in some of the Canavan 
patients lactate is elevated. 

One patient has been described who had no de- 
tectable NAA in the brain (Martin et al. 2001), proba- 
bly related to an as yet unidentified defect in NAA 
synthesis (Fig. 108.22). Surprisingly, the clinical pic- 
ture was characterized by psychomotor retardation 
only, whereas MRI revealed delayed myelination at 
the age of 3 years. 

Salla disease and severe infantile sialic acid storage 
disease are characterized by accumulation of JV-acetyl- 
neuraminic acid (sialic acid). JV-acetylneuraminic acid 
resonates close to the methyl resonance of NAA, lead- 
ing to a pseudo-elevated NAA peak in the X H white 
matter spectrum. In addition, the Cho peak is abnor- 
mally low, related to hypomyelination, and the Cr peak 
is elevated, probably related to white matter gliosis. 



In maple syrup urine disease, ^-MRS during 
acute metabolic decompensation shows elevated lac- 
tate and resonances around 0.9 ppm corresponding to 
cerebral accumulation of branched-chain amino 
acids and keto acids (Fig. 108.23). NAA is decreased. 
With treatment and clinical recovery the X H spectra 
normalize. 

In nonketotic hyperglycinemia, X H spectra show an 
elevated glycine signal at 3.55 ppm at both short and 
long echo times. Using a short echo time, the glycine 
peak co-resonates with the mlns peak, but using echo 
times of 135 or 270 ms, the peak at 3.55 ppm repre- 
sents glycine only, glycine having a much longer 
T 2 than mlns (Fig. 108.24). There is evidence that 
the time course of glycine content in brain tissue, 
as shown by MRS, correlates more closely with the 
clinical course than do plasma and CSF glycine val- 
ues. 
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Fig. 108.24. A The } H spectrum of cortex and white matter 
(12 ml, STEAM, TR/TE = 2500/20 ms, 1.5T) of a 1 -week-old 
neonate with nonketotic hyperglycemia shows a very high 
signal at 3.55 ppm. B A spectrum obtained with a long echo 
time (PRESS, TR/TE = 2500/270 ms) shows that this signal is 
largely due to glycine, since mlns does not contribute to the 
spectrum at such long echo times 



Succinate dehydrogenase deficiency is a mitochon- 
drial disorder with a defect in complex II. Elevated 
succinate, represented by a resonance at 2.40 ppm, can 
be found in some patients (Fig. 108.25), providing 
evidence for the diagnosis (Brockmann et al. 2002). 

A severe reduction of the Cr peak in X H MR spec- 
tra of the brain is a central feature of the so-called cre- 
atine deficiency syndromes (Fig. 108.26). The lack of 
creatine in the brain can be caused by a defect in the 
synthesis of creatine due to either guanidinoacetate 



Fig. 1 08.26. A The ] H spectrum of white matter (4 ml, STEAM, 
TR/TE = 6000/20 ms, 1.5T) of a 2-year-old boy with guanidi- 
noacetate methyltransferase deficiency does not contain sig- 
nals from Cr. B The presence of Cr 3 months later shows the 
positive effect of treatment with oral creatine supplementa- 
tion in patients with a creatine synthesis defect 
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Fig. 108.25. The ] H spectrum of white matter (4 ml, STEAM, 
TR/TE = 6000/20 ms, 2 T) of a 1 7-month-old girl with succinate 
dehydrogenase deficiency is dominated by the singlet from 
succinate at 2.40 ppm. In addition, NAA is severely reduced,and 
lactate is elevated. From Brockmann etal. (2002), with permission 
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Fig. 108.27. The ] H spectrum of white matter (8 ml, STEAM, 
TR/TE = 3000/20 ms, 1 .5 T) of a 1 6-year-old boy with Sjogren- 
Larsson syndrome shows a prominent signal at 1 .3 ppm, prob- 
ably representing long-chain fatty alcohols. Courtesy of Dr. 
M.A.A.P. Willemsen, Department of Pediatric Neurology, Uni- 
versity Medical Center St Radboud, Nijmegen,The Netherlands 



Fig. 1 08.28. The ] H spectrum of basal ganglia (3.5 ml, STEAM, 
TR/TE = 1600/1 0 ms, 1.5T) of a 9-day-old patient with galac- 
tosemia due to a deficiency of galactose-1 -phosphate uridyl- 
transferase. Resonances at 3.67 and 3.74 ppm correspond to 
galactitol. From Wang et al. (2001 ), with permission. 



methyltransferase (GAMT) deficiency or glycine 
amidinotransferase (AGAT) deficiency, or by a defect 
in the transport of creatine across the blood-brain 
barrier (X-linked creatine transporter defect). In 
GAMT deficiency, the spectrum may also reveal a res- 
onance at 3.78 ppm, representing guanidinoacetate, 
which is not seen in the other creatine deficiency syn- 
dromes. In the defects in creatine synthesis, oral crea- 
tine substitution leads to striking improvement of the 
symptoms of the patients and a return of the Cr peak 
into the spectrum, although the Cr concentration re- 
mains below normal. Oral creatine substitution does 
not influence the cerebral creatine level in patients 
with a transporter defect. 

In Sjogren-Larsson syndrome a prominent singlet 
is found at 1.3 ppm, the lipid region of the spectrum 
(Fig. 108.27). The peak is seen at both short and long 
echo times. In addition, in most patients increased 
resonances at 0.8-0.9 ppm are seen. These findings 
are compatible with the presence of an abnormal 
amount of lipids, the methylene protons resonating at 
1.3 ppm and the methyl protons resonating at 0.8- 
0.9 ppm. The peaks are only found in the cerebral 
white matter with the highest levels in the periven- 
tricular region, where T 2 -weighted images show sig- 
nal abnormalities, and not in the cerebral gray matter 
or cerebellum (Willemsen et al. 2004). The identity of 
the lipids responsible for the peaks has not yet been 
elucidated, but most likely the resonances represent 
long- chain fatty alcohols. 



^-MRS allows monitoring of the cerebral pheny- 
lalanine levels in phenylketonuria (PKU). The a and p 
protons of phenylalanine give rise to complex multi- 
plets of low intensity at the region between 3 and 
4 ppm, which cannot be distinguished from overlying 
strong signals of abundant metabolites under in vivo 
conditions. In contrast, all signals of the phenyl pro- 
tons collapse into a single peak at 7.36 ppm of suffi- 
cient intensity for quantitation. However, this region 
of the spectrum, too, normally contains several over- 
lapping peaks between 6.5 and 8.5 ppm. The most 
efficient way of removing these background signals is 
to use the spectra of normal controls for subtraction. 
As the cerebral phenylalanine level in classical 
phenylketonuria patients under free nutrition is typ- 
ically below 1 mmol/1, selection of a large volume of 
interest for MRS, of the order of 25 ml or larger, is re- 
quired to obtain a sufficient signal-to-noise ratio for 
reliable quantitation. PRESS is preferable to STEAM 
for better signal to noise. In addition, short echo 
times of 20 ms or less are necessary to minimize sig- 
nal loss due to T 2 -weighting of the spectrum. 
Blood-brain barrier kinetics for phenylalanine entry 
into the brain can be studied using ^-MRS. Brain 
phenylalanine levels do not correlate closely with 
blood phenylalanine levels. The individual variation 
in brain-to-blood phenylalanine ratio is large, even 
among patients with similar blood levels. This indi- 
vidual variability may contribute to the different neu- 
rological outcomes in PKU patients. 
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Fig. 1 08.29. ] H spectra of white matter (5 ml) of a 1 4-year-old 
boy with deficiency of ribose-5-phosphate isomerase leading 
to polyol accumulation, obtained with (A) STEAM (TR/TE = 
6000/20 ms) and (B) PRESS (TR/TE = 3000/1 35 ms) at 1 .5 T.The 
large signals between 3.6 and 3.8 ppm are partly inverted due 



to J-coupling in the long echo time spectrum. Comparison 
with model spectra of D-arabitol (C, D) and ribitol (E, F), 
acquired with corresponding short echo times (C, E) and long 
echo times (D,F) illustrates the contribution of the two polyols 
to the spectra in A and B 



Untreated galactosemia is characterized by elevat- 
ed galactitol concentrations in the brain, which disap- 
pear with treatment. Galactitol gives rise to reso- 
nances at 3.67 and 3.74 ppm (Fig. 108.28). 



One patient has been described with highly elevat- 
ed levels of the polyols ribitol and D-arabitol in the 
brain (van der Knaap et al. 1999). The patient suffered 
from a slowly progressive encephalopathy and pe- 
ripheral neuropathy. MRI of the brain revealed exten- 
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sive white matter abnormalities, most pronounced in 
the subcortical area, with some swelling of the abnor- 
mal white matter. ^-MRS of the brain revealed high- 
ly elevated peaks between 3.6 and 3.8 ppm, which 
could be identified as representing D-arabitol and 
ribitol (white matter concentrations 8.9mmol/l and 
2.9mmol/l, respectively) (Fig. 108.29). The presence 
of these polyols could be confirmed in all body fluids 
with a brain:CSF:plasma gradient of 70:40: 1 for D-ara- 
bitol and 125:55:1 for ribitol, suggesting a neurometa- 
bolic defect. The basic defect has been demonstrated 
to be a deficiency of ribose 5-phosphate isomerase, a 
defect in the pentose phosphate pathway (Huck et al. 
2004). 

In diabetes mellitus, ^-MRS is able to detect the 
brain levels of glucose (resonances at 3.43 and 
3.80 ppm) and the ketone bodies acetone (resonance 
at 2.22 ppm), acetoacetate (resonance at 2.26 ppm) 
and p-hydroxybutyrate (doublet at 1.2 ppm), allowing 
monitoring of glucose metabolism at a brain level. In 
cystic leukoencephalopathies, ^-MRS of cystic areas 
reveals the resonances of glucose and lactate, present 
in the CSF. An important example is vanishing white 
matter disease, in which the white matter is typically 
rarefied and cystic. X H MR spectra of the white matter 
reveal that the peaks representing metabolites nor- 
mally present in the spectrum are very low or absent 
and that peaks of lactate and glucose are visible. 



108.6 Monitoring 

Both the process-specific and disease-specific spec- 
troscopic abnormalities provide excellent possibili- 
ties for disease monitoring. With respect to monitor- 
ing of disease-specific abnormalities, a good example 
is found in the creatine synthesis defects. Oral crea- 
tine supplementation leads to clinical improvement. 
Unfortunately, assessment of metabolites in body 
fluids is of little help in monitoring the treatment of 
the disease. ^-MRS gives the most direct measure of 
the efficacy of the treatment in the cerebral creatine 
level. 

Process-specific spectroscopic findings can also be 
very useful in monitoring disease. Among the inherit- 
ed white matter disorders, an example of the impor- 
tant role of MRS in monitoring disease is found in X- 
linked adrenoleuko dystrophy (XALD). Central issues 
in the treatment of males carrying the biochemical 
defect of XALD are the questions of in which patient 
and when to perform hematopoietic stem cell trans- 
plantation. This form of treatment is only applied for 
the rapidly progressive cerebral disease, which usual- 
ly has its onset in childhood, and not for the later-on- 
set variant adrenomyeloneuropathy (AMN). The out- 
come of hematopoietic stem cell transplantation in 
cerebral XALD is highly dependent on the degree of 



cerebral involvement at the time of the transplanta- 
tion. If applied early in the course of the disease, 
hematopoietic stem cell transplants may prevent fur- 
ther deterioration and may even lead to improvement 
or disappearance of cerebral lesions on MRI. The 
therapy is not recommended for patients with rapid- 
ly advancing or severe cerebral involvement, because 
in these patients the procedure may lead to accelera- 
tion of the disease or survival in a very poor neuro- 
logical condition or vegetative state. Hematopoietic 
stem cell transplantation is not recommended for 
asymptomatic patients, because of the more than 
50% chance that these patients will not develop the 
serious cerebral form of the disease, the absence of a 
way of predicting whether they will, and the high 
mortality associated with hematopoietic stem cell 
transplantation. Therefore, monitoring of the disease 
on MRI, MRS, and neuropsychological tests from the 
presymptomatic stage onwards is extremely impor- 
tant. As soon as there is evidence of beginning cere- 
bral disease, hematopoietic stem cell transplantation 
should be attempted. MRI provides important infor- 
mation for monitoring purposes: the presence of 
lesions, progression of lesion size, and presence or 
absence of contrast enhancement. The presence of 
contrast enhancement is predictive of progressive 
disease. MRS also provides important information. In 
an area of active demyelination, not only a decrease in 
NAA is found, but also an increase in Cho, Cr, mlns, 
and lactate, related to enhanced membrane turnover, 
increased cellular density, inflammation, macrophage 
infiltration, and gliosis. In the inner area of inactive, 
burnt-out demyelination, NAA is very low, but Cho 
and lactate are no longer elevated. The spectrum in 
the burnt-out area has a pattern reflecting gliosis 
dominated by Cr and mlns. The spectroscopic find- 
ings in the area just outside the MRI -visible lesion are 
highly predictive of disease progression. Elevated lev- 
els of Cho, decreased NAA/Cr ratios, and elevated 
mlns in this area are highly predictive of progressive 
disease, whereas normal Cho and mlns levels and 
NAA/Cr ratios are predictive of stable disease. Thus, 
MRS is more sensitive than MRI in detecting incipi- 
ent demyelination. It is, however, important to realize 
that even in normal-appearing white matter remote 
from the lesion and in the white matter of patients in 
whom the disease has not yet started, NAA is often 
below normal in XALD males (Fig. 108.30) In addi- 
tion, MRS has a predictive value for the outcome of 
patients treated with a hematopoietic stem cell trans- 
plantation. A good outcome is highly correlated with 
the NAA concentration in the affected white matter, 
and thus the preservation of neuronal tissue, before 
the transplantation. 

MRS is also a very important tool for purposes of 
monitoring and prediction of the course of the dis- 
ease in acute brain injury, including diffuse axonal in- 
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Fig. 108.30. Average 1 H spectra of controls and patients with 
X-linked adrenoleukodystrophy, obtained with STEAM (TR/TE 
= 6000/20 ms) at 2.0 T. In comparison to (A) white matter spec- 
tra of an age-matched control group {n = 1 9),the spectra of (B) 
normal-appearing white matter of patients without neurolog- 
ical symptoms (n = 47) show on average slightly lower NAA 
and higher Cho. (C) Spectra of actively demyelinating white 



matter in patients without neurological symptoms {n = 21 ) are 
characterized by decreased NAA and increased concentra- 
tions of Cho, Cr, mlns, and on average an increase of lactate. 
(D) Ongoing demyelination in patients with advanced cere- 
bral X-linked adrenoleukodystrophy (n = 9) leads to severe 
neuronal loss (almost complete absence of NAA and decrease 
ofCr) 



jury after head trauma, near-drowning, and menin- 
goencephalitis. There is a good correlation between 
early NAA measurements and outcome: the lower the 
NAA levels, the poorer the outcome. The presence of 
elevated lactate and lipid peaks adds to the prediction 
of poor outcome. Elevated Cho may be found, but this 
finding does not seem to have predictive value. This 
information can be used in making important deci- 
sions in the continuation of treatment of such pa- 
tients. 

Multiple sclerosis (MS) is probably the most im- 
portant indication for monitoring by MRS. Therapeu- 
tic trials require objective and preferably quantitative 
measures of changes in disease. Spectroscopic imag- 
ing with acquisition of data in multiple transverse 



slices allows monitoring of spectroscopic changes of 
large areas of the brain with a spatial resolution that 
is adequate for the purpose. Single voxel spectroscopy 
has the advantage of better spectral quality and use of 
shorter echo times. The spectroscopic abnormalities 
found depend on the stage of the lesion. Cho is 
already increased in a prelesional area up to 12 
months before the lesion becomes visible on conven- 
tional MRI. Acute lesions, as identified by gadolinium 
enhancement on MRI, show a reduction of NAA, and 
an increase in Cho, mlns, lipids, and, often, lactate. 
The earliest spectroscopic changes consist of in- 
creased Cho and lactate, whereas a decrease in NAA 
occurs a few days later. Lactate disappears in a matter 
of weeks. Enhanced Cho decreases within a couple of 
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Fig. 108.31. ] H spectra (8 ml, TR/TE = 2500/1 35 ms, 1.5T) of 
two patients with secondary progressive MS. A The normal- 
appearing white matter of a 45-year-old male with MS is com- 
parable to the white matter of age-matched controls, apart 
from a slight decrease of NAA, whereas (B) a lesion that 
is hypointense on "IVweighted images (a "black hole") of a 
43-year-old male is characterized by a severe decrease of NAA, 
accompanied by a decrease of Cr 



tides and neutral fat, reflected in elevated protein and 
lipid signals in MRS. From early on axons are dam- 
aged, with decreasing NAA. The decrease in NAA re- 
flects not only axonal transections in acute lesions, 
but also a significant component of metabolic dys- 
function of injured axons. The first component con- 
cerns the permanent damage, the second may be 
transient. Large destructive lesions can additionally 
show transient decreases in Cr during the hyperacute 
phase, probably reflecting metabolic dysfunction. 
The decrease in PDE reflects myelin loss. Chronic and 
inactive lesions are hypo cellular, demyelinated, and 
gliotic. Inflammation is no longer present. Chronic 
lesions that are very hypointense on T x -weighted 
images - the so-called "black holes" - have the lowest 
NAA and Cr, correlating with the profound tissue 
destruction, axonal loss, and hypo cellular ity of these 
lesions (Fig. 108.31). An additional important finding 
has been that normal-appearing white matter in MRI 
is not completely normal in MRS (Fig. 109.31). This is 
true for all MS variants, although observations vary. A 
decreased or normal NAA, normal or increased Cr, 
and increased mlns in ^-MRS and a decrease in 
total 31 P peak integrals in 31 P-MRS are seen, as well as 
a reduction in the broad component of the 31 P spec- 
trum, consistent with a low-grade demyelination, 
gliosis, and neuronal damage too subtle to be detect- 
ed by MRI. In the cerebral cortex of MS patients, too, 
decreased NAA and Cr have been found, ascribed to 
neuronal metabolic dysfunction, damage, and loss. 
Several studies have indicated a correlation between 
the extent of decrease in NAA and disability, which is 
stronger than the correlation between T 2 lesion load 
and disability. The total brain content of NAA has 
been used as an indicator of total neuronal and axon- 
al damage, which is the irreparable part of the pathol- 
ogy in MS. 



months and eventually returns to normal. A partial 
recovery of NAA is often seen over a period of months 
after acute onset of the lesion - probably the result of 
a combination of actual recovery of axonal integrity 
and tissue contraction due to disappearance of edema 
and removal of disintegrated tissue components. The 
lipid resonances remain elevated for several months. 
The rise in mlns may be temporary or permanent. 
31 P-MRS reveals decreased PDE in acute lesions. Spec- 
troscopic findings reflect the changes at the histolog- 
ical level. Correlation with pathological findings in 
biopsy specimens confirms an association between 
acute inflammation, hypercellularity due to a mixed 
macrophage-astrocyte response, and demyelination 
with increased levels of Cho and lactate. In acute le- 
sions myelin sheaths show signs of disintegration and 
breakdown accompanied by liberation of polypep- 



108.7 Conclusion 

Reviewing the information provided by MRS about 
brain metabolism in normal cerebral maturation, in 
disturbed maturation, and in disease conditions, 
shows that MRS has proven itself to be a tool of signif- 
icant usefulness in clinical medicine and of great 
potential for research purposes. For clinical applica- 
tions, the greatest power of MRS is found in monitor- 
ing disease processes, in particular with a view to 
evaluating therapeutic interventions and establishing 
prognosis. In particular in the early stages of disease 
processes, MRS often appears to be more sensitive 
than MRI. For research applications, the greatest 
potential of MRS may be in contributing to the eluci- 
dation of pathophysiological processes in cerebral 
disorders. 



Chapter 109 

Pattern Recognition in White Matter Disorders 



109.1 Introduction 

MRI is highly sensitive in the detection of white mat- 
ter lesions. A close association has been demonstrat- 
ed between the occurrence of white matter abnormal- 
ities observed with MRI and those found at autopsy. It 
has been generally assumed that the specificity of 
MRI is much lower than its sensitivity. The specificity 
of MRI, however, depends not only on the potential 
and limitations of the method, but also on the capa- 
bilities of the person interpreting the MR images 
(Fig. 109.1). Hence, optimization of the diagnostic 
specificity of MRI in white matter disorders is 
achieved by optimizing the quality of both the imag- 
ing and its interpretation. 

Aids to the perceptual and decision processes 
can be constructed to support the interpretative 
process. One such aid is systematic and detailed 
image analysis. A checklist or score list, which 
prompts the image reader to assess and record a scale 
value for each feature, is helpful in this respect. A sec- 
ond aid is a computer program that integrates these 
scale values into a pattern, compares the pattern ob- 
tained with the known patterns in a database, and 
then reaches a differential diagnosis. The reader of 
the images can use the computer estimates of the like- 
lihood of various disorders as a guide in the diagnos- 
tic process. 

It is important is to realize that MRI pattern recog- 
nition has its limitations. In the first place, MRI pat- 
terns have characteristic features only during a cer- 
tain phase of progressive disorders. This is well illus- 



trated in Fig. 109.2. In the early phase of the disease, 
the MRI pattern is diagnostic. In the end phase al- 
most all cerebral white matter is affected and distin- 
guishing characteristics have been lost. A second 
problem is illustrated in Fig. 109.3, where the pattern, 
for reasons unknown, is the inverse of the pattern 
commonly observed in this disease. The computer 
program should allow for these exceptions to the rule 
when they are known to occur. The third problem is 
illustrated in Fig. 109.4. Sometimes superficial read- 
ing of the images strongly suggests a certain diagno- 
sis, whereas on closer examination only some but not 
all of the main MRI features of a disease are present. 
And sometimes the resemblance between patterns is 
so strong that it is difficult or impossible to discrimi- 
nate disorders on the basis of the MRI pattern recog- 
nition program alone. 

The benefits of MRI pattern recognition are di- 
verse. First of all, it facilitates the diagnostic process 
and reduces the list of necessary laboratory tests. 
Sometimes the activity of only one enzyme has to be 
assessed or only one gene has to be analyzed after 
reading the MRI. In this way, MRI pattern recognition 
reduces the burden for patients and families and is a 
money-saving strategy. Secondly, the recognition of 
patterns provides important scientific information. 
Selective vulnerability of brain structures for differ- 
ent noxious influences underlies the development of 
different patterns of involvement of brain structures 
in different disorders. So far, our understanding of the 
reasons for the selective vulnerability has remained 
highly limited. 



Fig. 1 09.1 . T r and T 2 -weighted images 
of a 10-month-old male with glutaric 
aciduria type I. The images show diffuse 
bilateral subdural hygromas and fronto- 
temporal hypoplasia. Myeli nation is 
severely retarded. Note that the arach- 
noid and subdural spaces can be clearly 
distinguished.The presence of bilateral 
subdural hygromas could be wrongly 
interpreted as evidence of child batter- 
ing. Knowledge of the specific features 
of glutaric aciduria type I with presence 
of frontotemporal opercular hypoplasia 
precludes this mistake. Courtesy of 
Osaka et al. (1 993), with permission 
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Fig. 109.2. The upper row of T] -weight- 
ed (IR) images in this 3-year-old boy 
show the pattern that is typical for the 
childhood cerebral form of X-linked 
adrenoleukodystrophy:peritrigonal 
and occipital leukoencephalopathy, 
sparing the U fibers, involving the 
geniculate bodies and the splenium 
of the corpus callosum,with typical 
involvement of corticospinal tracts in 
pons and mesencephalon. The lower 
row of one T r and one T 2 -weighted 
image are of the same child, 3 years 
later. No pattern is recognizable as all 
white matter structures are involved 
and all characteristic features of the 
disease are lost 




Fig. 109.3. T 2 -weighted images in a 
6-year-old boy show bilateral, sym- 
metrical involvement of the frontal 
white matter and the frontospinal 
tracts in the anterior limb of the inter- 
nal capsule, which can be followed in 
the brain stem. The spread of the 
disease is evidently in a ventrodorsal 
direction. The diagnosis is X-linked 
adrenoleukodystrophy with reversed 
pattern. Courtesy of Dr. P. Hoogland 
and Dr. W.F.M. Arts, Juliana Children's 
Hospital,The Hague, The Netherlands 



1 09.2 Noncomputerized 
Pattern Recognition 

Pattern recognition in the daily practice of medical 
imaging involves three levels of action which are nec- 
essary to permit optimal interpretation of the image. 
These levels can be described as image formation, im- 
age analysis, and image interpretation. 

The first level is the technological level and has to 
do with the formation of the image. Although the 



reader of the image can regard large parts of an MR 
system and the imaging process as a "black box," he or 
she needs to have a more than general knowledge of 
the imaging process, the parameters involved (repeti- 
tion time, echo time, inversion time, number of exci- 
tations, slice thickness, gradient strength and perfor- 
mance, diffusion sensitivity), the influence of para- 
meter settings on the image, the possible artifacts, 
and the ways improving quality when special answers 
are required. 
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Fig. 109.4. A 23-year-old man had experienced moderate 
psychomotor retardation from birth onwards and progressive 
disturbances of gait for the last 2 years.The T 2 -weighted sagit- 
tal and transverse images show bilateral peritrigonal and oc- 
cipital involvement of the white matter; the splenium of the 
corpus callosum and the posterior limb of the internal capsule 
are also affected. There is no enhancement after gadolinium 
injection, which argues against X-linked adrenoleukodystro- 



phy.There was no laboratory evidence for a peroxisomal disor- 
der. Although the changes in the peritrigonal area and occipi- 
tal lobe could be the remnants of periventricular leukomala- 
cia,the involvement of the internal capsule and the involve- 
ment of the splenium of the corpus callosum make this diag- 
nosis highly improbable. Despite the highly characteristic 
image and perfect symmetry this remains an unsolved case, 
which needs to be followed up 



The second level is the level of image analysis, in 
which the structural elements of the image are ana- 
lyzed, weighed as to their normality or abnormality, 
and described as such. This is an important step in the 
process of teaching and learning, because the analysis 
of structural elements depends very much on experi- 
ence, knowledge of anatomy, knowledge of normal 
brain maturation, and knowledge of pathology. 

The first and second levels lay the foundation for 
the third, the interpretation of the image. In this 
process the image as such is transcended. Interpret- 
ing the image requires a combination of a certain un- 
derstanding of image formation, analysis of the struc- 
tural elements, experience, and knowledge of disease 
entities, histopathology, pathophysiology, biochem- 
istry, and toxicology, and possibly knowledge from 



still other sources, in an assessment that aims at an- 
swering the clinical question. 

The first level, image formation, will not be dis- 
cussed in this chapter. Some details of special tech- 
niques are discussed in Chaps. 106, 107, and 108. 

The second level is the analytical level, which in- 
cludes a systematic analysis and classification of 
structural elements of the image (see Tables 109.1- 
109.3). Many separate gray and white matter struc- 
tures should be scored as normal or abnormal. Which 
structural elements of an image need to be evaluated 
has been determined by experience of their discrimi- 
nating value. For example, if one were not aware from 
previous experience and histopathological studies 
that the arcuate fibers are spared in many white mat- 
ter disorders, but that, for example, L-2-hydroxyglu- 
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Table 1 09.1 . List of structural elements to be analyzed for MRI pattern recognition 



Cerebral cortex 

Arcuate fibers 

Lobar (deep) white matter 

Periventricular white matter 

Internal capsule 

External capsule + extreme capsule 

Caudate nucleus 

Putamen 

Globus pallidus 

Thalamus 

Corpus callosum 

Cerebellar cortex 

Cerebellar white matter 

Hilus of dentate nucleus 

Cerebellar pedunculi 

Dentate nucleus 

Midbrain 

Pons 

Medulla 



Occipital/frontal/parietal/temporal 
Occipital/frontal/parietal/temporal 
Occipital/frontal/parietal/temporal 
Occipital/frontal/parietal/temporal 
Anterior limb/posterior limb 



Rostrum/genu/corpus/splenium 



Central part/peripheral rim/tectum and tegmentum/specific tracts 
Central part/peripheral rim/tegmentum/specific tracts 
Dorsal part/specific tracts 



Scoring: no abnormality/slight to mild abnormality/severe abnormality 



Table 1 09.2. List of general characteristics to be analyzed for 
MRI pattern recognition 



Predominance 


Frontal/occipital/parietal/temporal 




Periventricular/lobar (deep)/ 
arcuate fibers 




Supratentorial/posterior fossa 


Symmetry 


Perfectly symmetrical/slightly 
asymmetrical/asymmetrical 


Extension 


Small isolated lesions/large isolated 
lesions/irregularly confluent 
lesions/highly confluent 
lesions/combination of these 


Appearance 


Swelling/atrophy/rarefaction/cystic 
degeneration 


Signal intensity 


Slightly to mildly abnormal/severely 
abnormal/mixed 


Homogeneity 


Homogeneous/inhomogeneous/ 
two zones 


Demarcation 


Sharp/vague/mixed 



Table 109.3. List of extra characteristics to be analyzed for 
MRI pattern recognition 



Calcium deposition 


Absent/present 


Hemorrhage 


Absent/present 


Contrast enhancement 


Absent/present 


Ventricular enlargement 


No/slight to mild/severe 


Enlargement of pericerebral 
subarachnoid spaces 


No/slight to mild/severe 


Cerebellar atrophy 


No/slight to mild/severe 


Myelination 


Normal/ delayed/no 
or hardly any myelin 



taric aciduria starts in the arcuate fibers, it would be 
senseless to make involvement of the arcuate fibers a 
point of discrimination in the diagnostic process. The 
structural elements that need to be scored may also 
have to be adapted to the diseases under investiga- 
tion. Some diseases affect very special brain stem 
structures, as for example in leuko encephalopathy 
with brain stem and spinal cord abnormalities and el- 
evated lactate (LBSL). In this disease brain stem 
structures need to be scored in detail, which is not 
necessary for most other disorders. Then there are so- 
called "general characteristics" that need to be scored, 
including symmetry, confluent versus isolated/multi- 
focal involvement of the white matter, predominant 
localization of the abnormalities, white matter 
swelling, atrophy, rarefaction, cystic degeneration, 
and the evolution over time. Finally, analysis of "extra 
characteristics" is important, including contrast en- 
hancement, calcium deposits, hemorrhages, and the 
presence of localized cysts. 

Structural elements that have been identified by us 
as having in general the highest discriminating value 
are: symmetry versus asymmetry, confluent involve- 
ment of the white matter versus multifocal isolated le- 
sions, the predominant localization of lesions in the 
brain, the additional involvement of gray matter 
structures, contrast enhancement, and the presence 
of calcium deposits. 

In many cases, symmetry is a striking feature of 
inherited white matter disorders and toxic en- 
cephalopathies, although not without exceptions, 
whereas asymmetry is most often seen in acquired 
white matter disorders, particularly inflammatory 
disorders and infections. The appearance of the le- 
sions is important: isolated, or confluent, or both. In 
most inherited white matter disorders, in toxic en- 
cephalopathies, and in diffuse white matter injury af- 
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ter irradiation and chemotherapy, the lesions are con- 
fluent; as a rule no isolated lesions are seen. Multifo- 
cal and isolated lesions are more commonly seen in 
acquired conditions. In multiple sclerosis a mixture of 
isolated and confluent lesions is the rule. The same is 
true of Binswanger disease. A global survey of the dis- 
tribution of the lesion may give an indication of the 
type of disorder we are dealing with. Sparing of the U 
fibers is seen in many inherited white matter disor- 
ders, in vascular disorders, and in subacute HIV en- 
cephalitis. Several organic and amino acidopathies, 
contrariwise, preferentially involve the U fibers. 
Extra characteristics such as calcifications occur in 
Cockayne syndrome, in some patients with X-linked 
adrenoleuko dystrophy, in malignant phenylketon- 
uria, in Aicardi-Goutieres syndrome, in some pa- 
tients with systemic lupus erythematosus, in children 
with AIDS encephalopathy, in congenital cytomegalo- 
virus infection, in some patients with a mitochondri- 
al leuko encephalopathy, and in some children after 
cranial irradiation and chemotherapy. In some white 
matter disorders enhancement with contrast is seen 
in part of the lesion, often in the active border. This 
observation can be very helpful in the diagnostic 
process. In X-linked adrenoleuko dystrophy the en- 
hancing border separates the area of complete de- 
myelination from the area with ongoing demyelina- 
tion. Enhancement is also a prominent feature of mul- 
tiple sclerosis and Alexander disease. 

Perhaps other criteria could also be used in the 
recognition of patterns of white matter disorders on 
the images, such as measurements of the absolute sig- 
nal intensities and measurements of T\ and T 2 , ADC, 
fractional anisotropy, and MTR. For instance, in sub- 
acute HIV encephalitis, the signal intensity of the 
white matter lesion, at least in the beginning of the 
disease, is not as high on T 2 -weighted images as it is in 
most other white matter disorders. Neuropathologi- 
cal examinations confirm that demyelination in sub- 
acute HIV encephalitis is only partial and mild. On 
the MR images the involved white matter has a coarse, 
granular texture, which corresponds well with the 
histological finding of numerous small foci of more 
complete demyelination. 

In our definition, specificity exists in degrees. The 
pattern emerging from the image can be expressed as 
being diagnostic (pathognomonic), highly sugges- 
tive, suggestive, possible, atypical, and impossible. It is 
only in the first category that the MRI pattern is 
pathognomonic for one specific disorder. In the other 
categories, clinical and laboratory evidence is neces- 
sary to complete the diagnosis. The lists given should 
be considered as examples; they are by no means 
complete (Table 109.4). 

Quite a few white matter disorders can be listed 
under the categories "diagnostic" or "highly sugges- 
tive," implying that MRI makes a firm contribution to 



Table 1 09.4. Specificity of MRI patterns 

Diagnostic 

Cerebral form of X-linked adrenoleukodystrophy 

Zellweger syndrome 

Cerebrotendinous xanthomatosis 
(if fat deposits are present) 

Periventricular leukomalacia 

Megalencephalicleukoencephalopathy 
with subcortical cysts 

Canavan disease 

Maple syrup urine disease 

L-2-Hydroxyglutaric aciduria 

Alexander disease 

Some toxic encephalopathies 

Kearns-Sayre syndrome 

Multiple sclerosis, when McDonald criteria are met 

Highly suggestive 

Metachromatic leukodystrophy 

Globoid cell leukodystrophy 

Mucopolysaccharidoses 

Leigh syndrome 

MELAS 

Cockayne syndrome 

Phenylketonuria 

Glutaric aciduria type I 

Acute disseminated encephalomyelitis 

Wilson disease 

Central pontine myelinolysis 

Suggestive 
Lowe syndrome 
Pelizaeus-Merzbacher disease 
Multiple sclerosis 
Subacute HIV encephalitis 
Binswanger disease 
Wallerian degeneration 
Toxic encephalopathies 

Possible 

Multiple sclerosis, less advanced cases 

Extrapontine myelinolysis 

Atypical 

Unusual appearance with established diagnosis, 
e.g., asymmetric cerebral involvement in X-linked 
adrenoleukodystrophy; Alexander disease starting 
in the cerebellum 

Impossible 

The pattern excludes the suspected diagnosis 



the diagnostic process in these disorders. Very often, 
by adding clinical information or laboratory data, a 
higher diagnostic category can be achieved. Addition- 
al facts that will help to reach a diagnosis are many 
and include facts in the clinical history and findings 
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at physical examination. The latter may include ab- 
normalities of eyes, face, hair, internal organs, skin, 
skeleton, and peripheral nerves. Examples are facial 
dysmorphia in Cockayne syndrome and mucopoly- 
saccharidoses, ectopic lenses in hyperhomocystein- 
uria, and multiple organ involvement in Zellweger 
syndrome and in mitochondrial disorders. 



1 09.3 Computer-Assisted 
Pattern Recognition 

With the increasing complexity of diagnostic pro- 
cesses and with the increase in number of recognized, 
rare disorders, the need to implement expert systems 
is felt. To develop these, it is essential to collect data 
systematically and quantitatively and to set up large 
data banks. We created a database that could be used 
to develop a computer-assisted pattern recognition 
program in white matter disorders, with the excep- 
tion of ischemic white matter disease related to arte- 
riosclerosis (van der Knaap et al. 1991). Over a certain 
period of time, the MR images of all patients under 
the age of 50 years or, when risk factors for vascular 
disease were present, under the age of 40 years, with 
lesions exclusively or predominantly involving the 
white matter, were scored with the help of a detailed 
scoring list (see Tables 109.1-109.3). The total study 
population numbered 1483. The diagnosis in the pa- 
tients was known. The patients were grouped into di- 
agnostic categories according to the classification we 
proposed, which stresses etiological and histological 
similarities between disorders of the same category. 

The data obtained were analyzed. The frequency 
of occurrence of image abnormalities and features 
per disease category or subcategory were counted 
and the results presented as histograms (examples 
in Figs. 109.5-109.8). The outlines of the histograms - 
the "skylines" - can be considered to be characteristic 
of the disease or disease category. 

In addition, a computer program was developed to 
estimate post-MRI probabilities of possible diag- 
noses in new patients with white matter abnormali- 
ties. The computer program was based on Bayes' the- 
orem. Prevalences of the different disease categories 
and subcategories and frequencies of image abnor- 
malities per disease were estimated from the data of 
this study. When the imaging findings of a new pa- 
tient were entered, the computer program would pro- 
vide a differential diagnosis. For each possible diag- 
nosis the positive predictive value and a two-sided 
95% confidence interval could be computed. 

Of course, there are several limitations to the prac- 
tical use of a computer-assisted diagnostic system. 
The large amounts of data involved make clustering 
necessary; for example, a two-point scale (yes/no) 
had to be used instead of a three-point scale (se- 



vere/mild/not involved) indicating the severity of 
involvement of the structures. Also, disease groups 
had to be clustered to some extent. This would seem 
to be sensible, because it is practically impossible to 
differentiate all individual conditions on MR criteria 
alone. Another limitation of such a computer pro- 
gram is that its quality is highly dependent on the 
quantity and quality of the data it contains. To im- 
prove the quality of the program in this respect a mul- 
ticenter database with well-defined criteria for inclu- 
sion of cases would be extremely helpful in narrowing 
the confidence intervals in rare disorders. 

Of course, such a computer system cannot compete 
with the flexibility and speed of the human brain in 
pattern recognition. Computer systems are, therefore, 
not to be regarded as competing, but as complemen- 
tary: a support to the experienced and a learning tool 
for the inexperienced. 



109.4 Practical Application 
of Pattern Recognition 

Usually MR images are interpreted without the help 
of a computer program. However, in daily practice, 
our approach should also be systematic and we 
should progress logically through the diagnostic 
process. We will analyze the logical steps involved in 
systematic reading of the MR image, well aware that 
several steps may occur synchronously and that the 
sequence is variable. 

The first step identifies the nature of the cerebral 
abnormalities. In the global analysis of MR images of 
the brain, the first consideration relates to the struc- 
tures involved: gray matter, white matter, or both. 
Next, the examiner tries to identify the nature of the 
disorder with which he or she is confronted. If gray 
matter is involved, are there signs of a congenital 
anomaly with ectopic gray matter? Is there gray mat- 
ter atrophy or are there parenchymatous lesions? If 
there is a white matter disorder, of what nature is it? Is 
it demyelination, delayed myelination, or hypomyeli- 
nation? Is there white matter swelling? Is there white 
matter rarefaction or cystic degeneration? Are there 
white matter cysts? Is there a loss of white matter vol- 
ume or gliotic retraction? 

The second step considers the symmetry or asym- 
metry of the abnormalities. Symmetrical white mat- 
ter involvement occurs in most of the inherited white 
matter disorders, toxic encephalopathies, and some 
of the other acquired white matter disorders. Many 
of the acquired disorders lead to asymmetrical le- 
sions, with some exceptions. A tendency towards 
symmetry is present in periventricular leukomalacia, 
subcortical arteriosclerotic encephalopathy, subacute 
HIV encephalitis, and congenital CMV encephalopa- 
thy. 
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X-linked adrenoleukodystrophy 



Fig. 1 09.5. Histogram of the frequency of involvement of the 
structural elements in the cerebral form of X-linked adreno- 
leukodystrophy. co, cortex; uf, arcuate fibers; lo, lobar (deep) 
white matter;p\z, periventricular white matter; f, frontal; p, pari- 
etal; t, temporal; o, occipital; cc, corpus callosum; a, internal 
capsule; ce, external and extreme capsules; bn, basal nuclei 
(globus pallidus, putamen, caudate nucleus); th, thalamus; bs, 
brain stem; cw, cerebellar white matter; eg, cerebellar cortical 
gray matter; cp, middle cerebellar pedunculi; nd, dentate nu- 
cleus; sy, symmetrical distribution; asy, asymmetrical distribu- 



tion;s,small isolated lesions;/, large isolated lesions;/, irregular- 
ly confluent lesions; c, highly confluent lesions; sd, sharp de- 
marcation; md, mixed demarcation; yd, vague demarcation; 
has, highly abnormal signal intensity; mas, mildly abnormal 
signal intensity; ms, mixed signal intensity; h, homogeneous 
signal intensity; ih, inhomogeneous signal intensity; 2z, two 
zones discernible in the lesion; ca, calcification; nmy, normal 
myeli nation; c/my, delayed myelination; nomy, no or hardly any 
myelin present; dv, deformation of the ventricular system 



The third step defines the aspect of the lesions. Are 
they confluent, isolated, or both; diffuse or multiple? 
In the inherited white matter disorders lesions are of- 
ten confluent and diffuse. Multiple sclerosis, of 
course, is the prototype of a disease with lesions that 



are usually asymmetrical, partly confluent, but main- 
ly isolated, and located in rather specific areas of the 
brain. 

The fourth step establishes the predominant loca- 
tion of the lesions. Confluent, symmetrical lesions in 
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M. Pelizaeus Merzbacher 



Fig. 109.6. Histogram of the frequency of involvement of the structural elements in Pelizaeus-Merzbacher disease. Abbrevia- 
tions, see Fig. 109.5 



the periventricular area narrow the number of diag- 
nostic possibilities considerably. Sparing of the arcu- 
ate fibers is characteristic of the sphingolipidoses, 
whereas the reverse is true of some of the organic and 
amino acidopathies, which start in the U fibers. Le- 
sions confined to the cerebellar white matter are rare. 
Cerebrotendinous xanthomatosis, adrenomyeloneu- 
ropathy, Refsum disease, and Langerhans cell histio- 
cytosis can be examples. Multiple sclerosis has a pref- 
erence for the upper edges of the lateral ventricles and 
the centrum semiovale. The cerebral form of X-linked 
adrenoleuko dystrophy usually presents in the occipi- 
tal lobes. Herpes simplex virus infections favor the 
frontal and temporal lobes. 



The fifth step defines the pattern of spread of the 
disease. Adding the pattern of spread to the analysis 
further helps to distinguish certain entities. The cere- 
bral form of X-linked adrenoleuko dystrophy usually 
spreads in a dorsoventral direction; the direction of 
spread of Alexander disease is ventrodorsal, that of 
Canavan disease centripetal, and that of metachro- 
matic leukodystrophy centrifugal. 

The sixth step weighs the contribution of gray 
matter involvement relative to white matter involve- 
ment. Is the gray matter involvement a major or a 
minor part of the disease? Are cortical or central 
gray matter structures involved? Deep gray matter 
is often involved in mitochondrial disorders, in Bin- 
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Multiple sclerosis 



Fig. 109.7. Histogram of the frequency of involvement of the structural elements in multiple sclerosis. Abbreviations, see 
Fig. 109.5 



swanger disease, in vasculitides, in glutaric aciduria 
type I and many other organic acidurias, in toxic 
encephalopathies such as carbon monoxide intoxi- 
cation, cyanide intoxication, amphetamine intoxica- 
tion, and in post-hypoxic-ischemic conditions. In- 
volvement of the basal ganglia is rare in multiple 
sclerosis. 

The seventh step evaluates whether the lesions en- 
hance after contrast injection. Sometimes enhance- 
ment of the lesions leads to a characteristic pattern, as 
in cerebral X-linked adrenoleuko dystrophy and 
Alexander disease. Active lesions in multiple sclerosis 
enhance. In acute disseminated encephalomyelitis 
not all lesions enhance or no lesions enhance at all; in 



progressive multifocal leukoencephalitis enhance- 
ment occurs occasionally. 



109.5 Pattern Recognition in Unclassified 
Leukoencephalopathies 

MRI pattern recognition has not changed the fact that 
in about 50% of the children with significant white 
matter abnormalities on MRI, no specific diagnosis 
can be established despite an extensive laboratory 
work-up; the disease remains unclassified. The per- 
centage is lower in adults. Pattern recognition works 
well in patients with a diagnosis that can be con- 
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Central pontine myelinolysis 



Fig. 109.8. Histogram of the frequency of involvement of the structural elements in central pontine myelinolysis. Abbreviations, 
see Fig. 109.5 



firmed by laboratory tests because patients with the 
same or a similar disorder have been shown to share 
the MRI pattern. We decided to apply MRI pattern 
recognition to the large group of patients with an 
unclassified leukoencephalopathy, assuming that 
patients with the same disease entity would again 
share MRI characteristics. Application of pattern 
recognition to the MR images of large numbers of pa- 
tients with an unclassified leukoencephalopathy led 
to the identification of several distinct patterns seen 
in multiple patients. MRI pattern recognition has 



contributed to the identification of several hitherto 
unidentified white matter disorders: megalencephal- 
ic leukoencephalopathy with subcortical cysts (MLC); 
vanishing white matter disease (VWM); hypomyeli- 
nation with atrophy of the basal ganglia and cerebel- 
lum (HABC); and leukoencephalopathy with brain 
stem and spinal cord involvement and elevated white 
matter lactate (LBSL). 

The general MRI-oriented approach to unclassi- 
fied leukoencephalopathies has been described else- 
where (van der Knaap et al. 1999). Seven major cate- 



gories can be identified using simple and robust MRI 
criteria, mainly based on the predominant location of 
the white matter abnormalities. Our aim was to divide 
the unclassified leukoencephalopathies into more 
workable groups. These categories are distinct, as has 
been validated statistically. 

Group A is characterized by severe hypomyelina- 
tion. This is the largest single category among the un- 
classified leukoencephalopathies. In all patients cur- 
rently known disorders leading to hypomyelination 
were ruled out, including Pelizaeus-Merzbacher dis- 
ease, Salla disease, and DNA repair disorders. 

Group B is characterized by global involvement of 
the cerebral white matter. In this group two separate 
disease entities were identified: Bl, megalencephalic 
leukoencephalopathy with subcortical cysts, and B2, 
leukoencephalopathy with vanishing white matter. 
These diseases, initially identified by their MRI pat- 
tern as separate entities, are now also confirmed to be 
genetic entities. 

Group C is characterized by extensive, predomi- 
nantly frontal white matter abnormalities, relatively 
sparing of the occipital lobes, with basal ganglia ab- 
normalities and also in many cases brain stem abnor- 
malities. Most of the patients in this category had 
Alexander disease, a diagnosis that can now also be 
genetically confirmed. 

Group D is characterized by predominantly peri- 
ventricular white matter abnormalities. This is a het- 
erogeneous group of disorders, often genetic, with a 
progressive clinical disease course. 

Group E is characterized by predominant involve- 
ment of the deep (lobar) white matter. Deep or lobar 
white matter is located in between the periventricular 
white matter and the U fibers. In most patients the 
white matter abnormalities consisted of multifocal 
isolated lesions. In most patients the encephalopathy 
was static. A considerable proportion of the patients 
probably had congenital cytomegalovirus infection, a 
diagnosis that can now be confirmed using PCR for 
cytomegalovirus DNA on the filter paper containing 
neonatal blood spots (the Guthrie card). 

Group F is characterized by predominant involve- 
ment of the U fibers. 

Group G is characterized by abnormalities pre- 
dominantly in the white matter of the posterior 
fossa. 

Subdividing patients with an unclassified leukoen- 
cephalopathy using these categories will facilitate fu- 
ture research on homogeneous subgroups of patients 
and allow pooling of data across multiple centers. 
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109.6 Typical and Atypical MRI Patterns 

The steps leading to the identification of so far un- 
classified white matter disorders are based upon a 
strict adherence to MRI criteria. The resulting homo- 
geneous group allows further exploration of the bio- 
chemical or genetic background. Once the biochemi- 
cal or genetic background is established, less typical 
cases can be analyzed, so that information can be ob- 
tained about the phenotypic variations of the disease, 
including variations in MRI patterns. Important ex- 
amples can be found in the chapter on Alexander dis- 
ease (Chap. 57) and the chapter on vanishing white 
matter (Chap. 65). 



109.7 Examples 

The following examples serve as illustrations of the 
described approach. 



109.7.1 Example I 

A 4-year-old girl presented with bilaterally dimin- 
ished vision. The initial MRI showed optic neuritis, 
more severe on the right side. There was one lesion in 
the cerebral parenchyma on the right side around and 
under the anterior commissure. She responded favor- 
ably to a short course of methylprednisolone, but 
within a week after discontinuation she returned with 
severe symptoms of myelopathy in addition to de- 
creased vision. Figure 109.9 shows the MRI findings 
at that time. The lower row of FLAIR images shows 
involvement of the caudate nucleus and putamen 
on the right side and bilateral lesions in the pulvinar. 
The lesion around the right anterior commissure is 
conspicuous. The signal intensity of the external/ 
extreme capsules on both sides is too high and there 
is a distinct lesion in the parietal operculum on the 
left. There is also involvement of the dorsal part of 
the pons. At upper left, a sagittal T 2 -weighted image 
of the cervicothoracic spine shows swelling of the 
cord with central high signal intensity (white arrows). 
At upper right, a STIR image at the level of the chiasm 
demonstrates swelling of the right part of the optic 
chiasm with a central lesion (arrow). Although the 
combination of optic neuritis followed by myelopathy 
is reminiscent of Devic neuromyelitis optica, the 
extent of cerebral lesions in this case argues in favor of 
the diagnosis acute disseminated encephalomyelitis. 
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Fig. 109.9. Example I 
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Fig. 109.10. Example II 



109.7.2 Example II 

The images shown in Fig. 109.10 reveal a diagnostic 
pattern. They relate to a 32-year-old man with pro- 
gressive neurological disability. The FLAIR images 
(first and second rows) show perfectly symmetrical, 
confluent white matter lesions, mainly involving the 



posterior white matter, but also affecting the spleni- 
um of the corpus callosum, extending towards the 
basal ganglia, and including the corticospinal tracts. 
After contrast (third row), enhancement of a rim 
within the lesion is seen. Although unusual at this age, 
the pattern is diagnostic of the cerebral form of 
X-linked adrenoleukodystrophy. 
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Fig. 109.11. Example I 
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109.7.3 Example III 

A 7-year-old boy presented with intractable seizures 
on the right. An MRI was obtained, which showed 
extensive white matter abnormalities for which no 
metabolic cause could be found (Fig. 109.1 1). The boy 
was sent for a second opinion. Clinical history and 
neurological examination revealed evidence of an 
old, mild, right-sided hemiparesis. Sequential MRIs 
taken during the following 2 years showed static 
white matter abnormalities. The T 2 -weighted images 
(first row) show white matter abnormalities in the up- 



per part of the left hemisphere, involving both cen- 
trum semiovale and periventricular region. The cor- 
tex in contact with this lesion appears too thick. 
Parasagittal T x -weighted images of the left hemi- 
sphere (second row) show the abnormalities in both 
the gray and white matter. The IR images (third row) 
also show the cortical and subcortical abnormalities. 
The coronal FLAIR images (fourth row) show the tri- 
angular shape of the signal abnormalities, tapering as 
they approach the lateral ventricle. The pattern is that 
of a balloon-type focal cortical dysplasia (Taylor 
type), simulating a white matter disease. 




Fig. 109.12. Example IV 
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Fig. 109.13. Example V 



109.7.4 Example IV 



109.7.5 Example V 



The images of this 1 -year-old girl were sent for an 
opinion because of an unclassified white matter dis- 
ease (Fig. 109.12). The upper two rows of T 2 -weighted 
images show subcortical white matter lesions with 
broadening of the overlying cortex. The sagittal T r 
weighted images (third row) show small indentations 
in the ventricular lining (arrows), representing 
subependymal nodules. These nodules are dark on 
the T 2 -weighted images, while they are white on T r 
weighted images. The pattern of cortico-subcortical 
tubers and subependymal nodules is indicative of 
tuberous sclerosis. 



The T r weighted parasagittal images (second row of 
Fig. 109.13) show abnormalities in the temporal lobe 
of three different patients: cysts in the temporal pole 
in all three patients and widened temporal horns in 
the first two. The diagnosis in each case can be made 
in conjunction with the axial T 2 -weighted images 
(first row). The images on the left showing multifocal 
lesions with the largest lesions in the deep parietal 
white matter, together with the temporal abnormali- 
ties, in a microcephalic child are highly suggestive of 
congenital cytomegalovirus infection. The images in 
the middle showing diffuse cerebral white matter ab- 
normalities, diffuse cortical dysplasia, and pontine 
hypoplasia (small sagittal image) demonstrate the 
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Fig. 109.14. Example VI 



pattern of Walker- Warburg congenital muscular dys- 
trophy. The images on the right showing, in addition 
to the cysts in the anterior temporal lobe, diffuse cere- 
bral white matter abnormalities and frontoparietal 
subcortical cysts (small image) in a megalencephalic 
child are diagnostic of megalencephalic leukoen- 
cephalopathy with subcortical cysts. 

In the next series of examples ( VI-X) unusual MR 
findings are presented: black and white dots and 
stripes. 



109.7.6 Example VI 

In this patient with hypomelanosis of Ito (Fig. 
109.14), the FLAIR images (first row) show confluent 
white matter abnormalities in the centrum semiovale 
and periventricular region. In addition, multiple 
black dots are seen, some arranged in rows. The sagit- 
tal T 2 -weighted images (second row) show that the 
dots are related to radially arranged widened perivas- 
cular spaces. 
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Fig. 109.15. Example VII 



109.7.7 Example VII 

In this case of Lowe syndrome (Fig. 109.15), the first 
row of T 2 -weighted images show symmetrical white 
matter abnormalities in the deep and periventricular 
white matter. Horizontal stripes in the corpus callo- 
sum indicate widened perivascular spaces. The sec- 



ond row of FLAIR images shows a multitude of black 
dots but no stripes. They represent focal cysts, not 
clearly following the perivascular spaces. The third 
row of Ti -weighted sagittal images confirms that the 
black holes do not or do not only represent widened 
perivascular spaces. 
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Fig. 109.16. Example VIII 



109.7.8 Example VIM 



In some subtypes of mucopolysaccharidosis, widened 
perivascular spaces are the hallmark of the MR pat- 
tern. This is demonstrated in the T r and T 2 -weighted 
transverse images and Ti -weighted sagittal images 
(Fig. 109.16) of a patient with Hurler syndrome. Often 
the corpus callosum is involved. 
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Fig. 109.17. Example IX 



109.7.9 Example IX 

Figure 109.17 contains the T 2 -weighted transverse, 
sagittal, and coronal images and one T r weighted im- 
age of a 4-year-old child with a mild variant of maple 
syrup urine disease. In addition to the abnormalities 
in the globus pallidus, thalamus, midbrain, pons, and 



dentate nucleus, there is a striking widening of the 
perivascular spaces, especially well depicted in the T r 
weighted image (first row, right) and the sagittal and 
coronal T 2 -weighted images (third row). Myelin depo- 
sition also seems to have happened mainly in perivas- 
cular areas, leading to dark stripes on T 2 -weighted 
images. 
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Fig. 109.18. Example X 



109.7.10 Example X 



A 10-year-old boy presented with multiple transient 
episodes of neurological dysfunction. In Fig. 109.18, 
the T 2 -weighted images on the left show a multitude 
of tiny lesions in the white matter and basal ganglia 
on a background of more confluent cerebral white 
matter lesions. The T x -weighted images in the middle 
show a multitude of dark stripes, which were con- 
firmed to be abnormal vessels on the MRA (source 
image shown upper right), whereas the conventional 
angiography shows the pattern of moyamoya syn- 
drome. 

The next three examples show leukoencephalo- 
pathies linked to chromosomal abnormalities. 
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Fig. 109.19. Example XI 



109.7.11 Example XI 

A 2-year-old boy presented with borderline macro- 
cephaly, retarded development, and dysmorphic fea- 
tures. Chromosomal analysis revealed an inversion- 
duplication of chromosome 8p. The T 2 -weighted MR 
images (Fig. 109.19) show dilated CSF spaces and 
multiple white matter abnormalities. They were 
found to be stable on follow-up. 
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Fig. 109.20. Example XII 



109.7.12 Example XII 



A 5 -year-old girl was known to have psychomotor re- 
tardation, dysmorphic features, eye abnormalities, 
and hearing difficulties. Chromosomal analysis re- 
vealed an unbalanced translocation between chromo- 
some 6p25 and chromosome 20ql3. The T 2 -weighted 
images (Fig. 109.20) show spotty white matter abnor- 
malities in the deep and periventricular white matter 
and several dot-like lesions in the basal ganglia. The 
coronal FLAIR image (lower right) confirms that 
some of the abnormalities are related to enlarged 
perivascular spaces. 
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Fig. 109.21. Example XIII 



109.7.13 Example XIII 



A 2-year-old girl had a similar clinical picture and 
MRI findings (Fig. 109.21; compare with Fig. 109.20). 
Chromosomal analysis was normal. Because of the 
striking clinical and MRI similarities, a submicro- 
scopic deletion of chromosome 6p25 was suspected. 
FISH analysis confirmed the chromosome 6p25 dele- 
tion, illustrating the power of pattern recognition in 
the reading of MR images. 
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